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¦«;¯D¥ ¶N«¯N©¤¥¦»3¦¥å½ﬀ¾U°/·¥£=©¶N«	¥F¯D¦«/¨£R¤¬ ¶¹ × û −5 ¿Ø¥o¶N«æ¦«¥ª/(¤«/¤¢±P½¹j¦«/¨%¶¹ ¶D²1¦«3¥o¤¢o·¥
ÔÉåþ=µ4ÈümÕ³ÅRÂ¤¥o©¤¥o¶N¢m¨%·¦±P«:¯D«/¨-¦«/·o¥F¯D¬¦¬Ù¯D¥ ¶N«ÌÁ%¢o¶3©¨°%¢o·Âª;¯»4¾W¦«%¦¾W¦­¨B¥ª/U°%«/·oª% ¤¬ ¨/¯D£%¬ 
£;¯N©oµ9±P¢o¶N°%«/¨¶D²m¥ª/B¿¶N¢o³À9¦«/¶¾+¨¦°%¾ô¦¥o·o¤¬×²§1¯D¢ ·¦«%±²¢o¶N¾ç«;¯D¥°%¢F¯D¬¦¬¦½8Ô PÅ ±/Å 238 Þq¯D«/¨ 232 ºª*Õ³§
¯D«	¥ª%¢o¶NÁR¶N±4¤«% ©Ô PÅ ±/Å 85 ËÂ¢ Õ(¯D«/¨"©¶P·o¾+¶N±4¤«% ©æÔ PÅ ±/Å 14 Ñ ¯D«/¨ 39 ¡1¢ ÕW¢F¯N¨ ¶4¯N©¤¥¦»4©¶N«3¥F¯D¾W¦«;¯D«	¥o·Å
Í¶N¢o¶»4¤¢§2¥ª/e¨%¤¥o©¤¥o¶N¢\ ·ÂØ	°%¦Á%ÁR¨O¹j¦¥ª:¯5Á%°%¢×Ö;©¯D¥ ¶N«ﬀ·½·¥o¤¾Î¨%·o¦±P«/¨B¥o¶5Á%°%¢×² ½O¶N«ÉÈ¬¦¦«/e¥ª/
·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢¯D«/¨.£%°Ê2¤¢j¬¦ Ø	°% ¨%·Å
ºª/©¯DÁ;¯D£%¦¬¦¦¥å½G¶D²Â©¶N«3¥¢o¶N¬¦¬¦¦«%±ﬀ£;¯N©oµ9±P¢o¶N°%«/¨ ·¥ª/¤«"¶N«/.¶D²¥ª/M¾5¯D¦« ·F·°/·e² ¶N¢W¥ª/O¿X¶N¢o³À9É


¦«/¶5³ÀÁR¤¢¦¾+¤«	¥\·°/©©·o·Å1ÑX¶N«3¥F¯D¾W¦«;¯D¥ ¶N«Ì¢o¤¾+¶»P¯D¬¥ª%¢o¶N°%±Pª¥ª/UÁ%°%¢×Ö;©¯D¥ ¶N«Á%¬Ù¯D«3¥o·\¯D«/¨-¯D«;¯D¬¦½· ·
¥o©oª%«% Ø3°/·1² ¶N¢j¥ª/\¢o·o ¨°;¯D¬#£;¯N©oµ9±P¢o¶N°%«/¨O ¨%¤«3¥×Ö;©¯D¥ ¶N«Ô PÅ ±/ÅÒ·¥F¯D¥ ·¥ ©¯D¬ﬂ·o°%£%¥¢F¯N©¤¥ ¶N«#§;¨%¤¬Ù¯½4¨-©¶DÉ
¦«/©¤ ¨%¤«/©Õ¯D¢oÁ%¢ ¶N¢¦¥)½5² ¶N¢X¥ª/Â³À9ÁR¤¢¦¾+¤«	¥Å?ºª/¾5¯D¦«.·°%£©¤¥X¶D²¥ª% ·¥ª/· ·X ·Ò¥ª/¨%¤»4¤¬ ¶NÁ%¾+¤«	¥
¯D«/¨.¥o·¥{¶D²SÁ%°%¢×Ö;©¯D¥ ¶N«-·o½9·¥o¤¾¯D«/¨O¨/¯D¥F¯+¯D«;¯D¬¦½9·o ·j¥o©oª%«% Ø3°/·j²â¶N¢j¥ª/m¿¶N¢o³À9¦«/¶5³À9ÁR¤¢¦¾+¤«	¥Å
Æå«+Á;¯D¢¥ ©¤°%¬Ù¯D¢§ 39 ¡1¢X¯D«/¨ 85 ËÂ¢L±	¯N·o¶N°/·Ò©¶N«	¥F¯D¾W¦«;¯D«3¥o·j©¯D«5£R{³ÊR©¤¥¦»4¤¬¦½¢o¤¾+¶»4¨5£3½+·¥¢¦Á%Á%¦«%±
¾5¯D¥o¤¢Ù¯D¬ ·S¹j¦¥ª«%¦¥¢o¶N±4¤«#ÅSÆ)«¶N¢o¨%¤¢¥o¶¢o¯N©FªW¯1ª%¦±Pª%¬¦½~³Ú5©¤ ¤«3¥uÁ%°%¢×Ö;©¯D¥ ¶N«#§P«%¦¥¢o¶N±4¤«W¦¥o·o¤¬×²/¾~°/·o¥£R
¯D¢±4¶N«5¯D«/¨eµ3¢½9Á%¥o¶N«e²¢oPÅ :¨%¤¾+¶N«/·¥¢F¯D¥o¨ÔÈÑÒª;¯DÁ%¥o¤¢4Õﬂ¥ª;¯D¥u©¯D¢£R¶N«ÉÈ£;¯N·o¨+¯N¨%·o¶N¢£R¤¢o·u³ÊR©¤¥¦»4¤¬¦½
¢o¤¾+¶»4 85 ËÂ¢1£%°%¥Â¯D¢om¦«/³Ê2©¤¥¦»4U¶N« 39 ¡1¢Åj¡¥Q¥ª/~·F¯D¾+~¥¦¾+P§;¹Xm¾+¯N·°%¢o¨·o¤»4¤¢F¯D¬©¶N¾W¾+¤¢o©¤Ù¯D¬
«%¦¥¢o¶N±4¤«·F¯D¾WÁ%¬ ·~¹j¦¥ªæ¾5¯N·o·e·ÁR©¤¥¢o¶N¾+¤¥o¤¢¯D«/¨ﬀÁ%¢o¶NÁ¶N¢¥ ¶N«;¯D¬j©¶N°%«	¥o¤¢o·§S ¨%¤«	¥×² ½3¦«%±¥ª/+Á%¢o¶NÁR¤¢
«%¦¥¢o¶N±4¤«¹jª% ©oªæ² °%¬×Ö/¬¦¬ ·~¥ª/=¿¶N¢o³À9¦«/¶·ÁR©¤×Ö;©¯D¥ ¶N«/·W¶N« 39 ¡Q¢¯D«/¨ 85 ËWÅÓ¦«;¯D¬¦¬¦½4§S¹ÒM¨%³Ö/«/¨¥ª/
©¶N¢¢o©¤¥1¨%¤¬¦¦»4¤¢½MÁ%¢o¶9©¨°%¢oPÅ
ºª/ÑX¶N°%«	¥¦«%±.ºﬂ·¥Ó;¯N©¤¦¬¦¦¥)½æÔÈÑXºjÓuÕ³§R¯+¿¶N¢o³À¦«/¶5¨%¤¥o©¤¥o¶N¢Á%¢o¶N¥o¶N¥)½9ÁP§*ª;¯N·Q£¤«¶NÁ%Á¶N¢¥°%«/¤¬¦½
¨%·¦±P«/¨¥o¶»4¤¢×² ½U³ÀÁ¤¢¦¾+¤«3¥F¯D¬¦¬¦½U¥ª/X¢oØ3°%¦¢o¨¢F¯N¨ ¶NÁ%°%¢¦¥)½W¶D²;¥ª/¨%¤¥o©¤¥o¶N¢?¾5¯D¥o¤¢Ù¯D¬ ·?¯D«/¨¥o¶¥o·¥
¥ª/³Ú5©¤ ¤«/©¤ ·~¶D²X¥ª/UÁ%°%¢×Ö;©¯D¥ ¶N«·½9·o¥o¤¾+·Åmºª/¥F¯D¢±4¤¥\¾5¯N·o·Â©¶N«/· ·¥o·\¶D²M¥o¶N«/·\¶D²X·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢
©¶N«	¥F¯D¦«/¨ﬀ¦«ﬀ=¾q¨Ù¯D¾+¤¥o¤¢m«3½3¬ ¶N«·Á%ª/¤¢o5¯D«/¨:·°%¢¢o¶N°%«/¨%¨:£	½:¯=¹X¯D¥o¤¢U£%°ÊR¤¢Å+Æå«Ì¥ª/WÁ%¢o¤»9 ¶N°/·
ÑXºjÓ6¨/¯D¥F¯M©¯D¾WÁ;¯D¦±P«/·§ﬂ·o¤»4¤¢F¯D¬SÁ%¢o¶N¾W ·¦«%±.¢o·o°%¬¦¥o·Âª;¯»4W£R¤«:¯N©oª% ¤»4¨2Å¡1¾+¶N«%±M¥ª/·oP§#¥ª/ 238 Þ
¯D«/¨ 232 ºª(¦«3¥¢¦«/· ©\©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«/·1¹Ò¤¢o¾+¯N·°%¢o¨M©¶N«/· ·¥o¤«3¥j¹j¦¥ªM¥ª/Q¿¶N¢o³À¦«/¶U¢oØ3°%¦¢o¤¾+¤«	¥o·
Ôû
−16 ±±5¶D²u·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢ Õ³Å
ºª/~¬Ù¯N·¥Q¨/¯D¥F¯5©¯D¾WÁ;¯D¦±P«#§*·¥¦¬¦¬¶N«%±4¶N¦«%±(·¦«/©~¥ª%¢om½4¯D¢o·§*ª;¯N·{£R¤«-¨%¤»4¶N¥o¨O¥o¶+¾+¯N·°%¢o~¥ª/
¦«%¦¥Ù¯D¬/©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«=¶D²*¥ª/j·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢u² ¢o¶N¾÷¥¢F¯N©¢F¯N¨ ¶4¯N©¤¥¦»4j ·o¶N¥o¶NÁR·?¯D«/¨2§4·ÁR©¤×Ö;©¯D¬¦¬¦½4§P¥o¶Â¥o·¥
¥ª/ 14 Ñø©¶N«3¥o¤«	¥Â¶D²u¥ª/m¿¶N¢o³À9¦«/¶(·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢¨%¤¬¦¦»4¤¢½4ÅXÍ¶N¢o¶»4¤¢§RÑXºjÓ¤»P¯D¬¦°;¯D¥o¨¥ª/m³Ú5©¤ ¤«/©¤½
¶D²S¥ª/m·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢QÁ%°%¢×Ö;©¯D¥ ¶N«O¥o©Fª%«% Ø	°/·{² ¶N¢{¿¶N¢o³À¦«/¶%Å
\¯D¥F¯.¯D«;¯D¬¦½· ·WÔÈÑÒª;¯DÁ%¥o¤¢ﬁ4ÕQ¶D²Ò¥ª/¨%¤¬Ù¯½4¨:©¶N¦«/©¤ ¨%¤«/©·mª;¯»4W·°/©©·o·²°%¬¦¬¦½Ø	°;¯D«3¥×Ö;¨:·¦«%±P¬ 
 ·o¶N¥o¶NÁR¯N©¤¥¦»3¦¥å½4§¤»4¤«¹jª/¤«¦¥W¹X¯N·5¬ ·o·W¥ª;¯D«èû¤»4¤«3¥+ÁR¤¢+¨/¯½èÔ PÅ ±/Å 226 ¼Q¯4Õ³ÅGºª/.·o¥F¯D¥ ·¥ ©¯D¬
¯D«;¯D¬¦½·o·=Ô ¤«/¤¢±P½æ¯D«/¨:¢F¯N¨Ù¯D¬Õ³§S£;¯N·o¨æ¶N«æ¯D«¯D«;¯D¬¦½3¥ ©¯D¬{¯DÁ%Á%¢o¶4¯N©oª#§Sª;¯»4M©¶N«Ö/¢¾+¨·o¶N¾+=¶D²j¥ª/
©¶N¦«/©¤ ¨%¤«/©Ì¢o·°%¬¦¥o·.¯D«/¨è¯D¬¦¬ ¶¹Ò¨¥ª/ ¨%¤«	¥×Ö;©¯D¥ ¶N«¶D²U¥ª/ 210 Ð¶G©¶N«3¥F¯D¾W¦«;¯D¥ ¶N«#§Â¹jª/¶P·oª%¦±Pª
¯N©¤¥¦»9¦¥)½M¹X¯N·1°%«/³À9ÁR©¤¥o¨2Å
Ã3¦«%±P¬ \«3°/©¤¬¦ ¨%m¢F¯D¥o\¾+¯N·o°%¢o¤¾+¤«	¥o·Qª;¯»4\±P¦»4¤«°/·{¥ª/\Á¶P·F·¦£%¦¬¦¦¥)½=¥o¶+·¥¦¾5¯D¥o\¥ª/~³Ú5©¤ ¤«/©¤ ·
¦«Á%°%¢×²½9¦«%±:·¦«%±P¬ = ·o¶N¥o¶NÁR·Åﬂ 6ª/¤«#§L¶N«¥ª/.¶N¥ª/¤¢Wª;¯D«/¨2§L¥ª/(Á%°%¢×Ö;©¯D¥ ¶N«^¢o·°%¬¦¥o·¹Ò¤¢oM²â¶N°%«/¨
¯D¾~£%¦±P°/¶N°/·§N¥ª/Ò¯D«;¯D¬¦½· ·ﬂª;¯N·S¯N¨%¨¢o·o·o¨~¥ª/L©¶N¬¦¬Ù¯D£R¶N¢F¯D¥ ¶N«¥o¶1¶NÁR¤¢F¯D¥o?¥o¶¹¯D¢o¨e¥ª/L©¶N¢¢o©¤¥S·o¶N¬¦°%¥ ¶N«#Å
Æå«MÑÒª;¯DÁ%¥o¤¢ﬃ§	ÆSÁ%¢o·o¤«3¥¯~·¥°/¨½W¶N«5¥ª/1Á¶N¥o¤«3¥Ù¯D¬R¶D²#¿¶N¢o³À¦«/¶~¦«(Á%¢o¶N£%¦«%±U«/¤°%¥¢¦«/¶P·L²¢o¶N¾ ¥ª/
·o¶N¬Ù¯D¢XÑXÄ\á©Fª;¯D¦«=¯D«/¨Wé%ê)éM²°/· ¶N«(Á%¢o¶3©·F·ÅÓ;¶N¢L¥ª% ·?Á%°%¢ÁR¶P·oP§3¥ª/{¶N£/·o¤¢»4¨(¤«/¤¢±P½W¹j¦«/¨%¶¹6ª;¯N·?¥o¶
£R³À¥o¤«/¨%¨.°%Á.¥o¶.ûPÅÍÈü§/¯U¢o¤±P ¶N«O¨%¶N¾W¦«;¯D¥o¨.£	½=¥ª/ "!$#%'&'(MÁ%¢o¶3¨°/©¨O©¶P·¾+¶N±4¤«% © 11 ÑÅ :
¯D«;¯D¬¦½9­¨-¯D¬¦¬#¥ª/~Á¶P·o·o¦£%¬ Â¾+©oª;¯D«% ·¾+·¹jª% ©oª-£%¢¦«%±5¥o¶W¥ª/ 11 Ñ6Á%¢o¶3¨°/©¤¥ ¶N«Ì¯D«/¨.¹Xm¦«	»4·o¥¦±	¯D¥o¨
¶N«:¥ª/WÁR¶P·o·¦£%¦¬¦¦¥å½Ì¥o¶.¦¾WÁ%¬ ¤¾+¤«	¥e¥ª/+ÍB¯D¢¥¦«ﬀÂ¤°%¥o·o©oª) ·U ¨%¯.¶D²{¤¬¦¦¾W¦«;¯D¥¦«%±¥ª/ 11 Ñ¤»4¤«	¥o·U£	½
¬ ¶9¶Nµ3¦«%±+¯D¥¥ª/¥ª%¢o³Éâ² ¶N¬ ¨.©¶N¦«/©¤ ¨%¤«/©Â¹j¦¥ª.¥ª/Á;¯D¢o¤«	¥j¾U°/¶N«.¥¢F¯N©oµ.¯D«/¨=¥ª/·o°%£/·oØ	°/¤«3¥j«/¤°%¥¢o¶N«
©¯DÁ%¥°%¢om¶N«Á%¢o¶N¥o¶N«/·Å
Ó¦«;¯D¬¦¬¦½4§P¦«+ÑÒª;¯DÁ%¥o¤¢
9§D¹Ò{¯DÁ%Á%¬¦ ¨e¥ª/X¥ª%¢o³Éâ² ¶N¬ ¨©¶N¦«/©¤ ¨%¤«/©¥o¶Q¥ª/jÑXºjÓ¨/¯D¥F¯Q¦«e¶N¢o¨%¤¢S¥o¶Q¥F¯D±
þ
11 Ñ«	°/©¤¬¦ ¨%m¤»4¤«3¥o·£	½(¤»4¤«3¥o·Å?ºª/¢o·°%¬¦¥o··ª/¶¹¯U±4¶9¶3¨M¯D±P¢o¤¾+¤«	¥1¹j¦¥ª=¥ª/ 11 Ñ¢F¯D¥oÁ%¢o¨ ©¤¥o¨
£	½Ì¯=Á%¢o¤»9 ¶N°/·\¾~°/¶N«:£R¯D¾q³ÀÁ¤¢¦¾+¤«3¥U¯D¥UÑX¸?¼QÄ ¯D«/¨B£3½-¥ª/WÓSù#ÞË\¡ ·o¦¾~°%¬Ù¯D¥ ¶N«#§©¶N«Ö/¢¾W¦«%±
¥ª/\ÁR¶N¥o¤«	¥Ù¯D¬ﬂ¶D²u¿¶N¢o³À9¦«/¶+¦« 11 Ñ6¢o¤¾+¶»P¯D¬¯D«/¨.¥ª3°/·{¦«Á%¢o¶N£%¦«%±=ÑXÄ\á¯D«/¨=é%êåéB«/¤°%¥¢¦«/¶P·Å
ý
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¯N¨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¯D«/¨=¤«/©¶N°%¢F¯D±4¤¾+¤«	¥{«/¶N¥j¶N«%¬¦½+¦«=Á%ª	½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ÔÁ%Á*Õ~©oª;¯D¦«G¶D²{¢o¯N©¤¥ ¶N«/·Ô Ó¦±P°%¢o-ûPÅ¦ûÕ~¥ª;¯D¥©¶N«	»4¤¢¥ª	½¨¢o¶N±4¤«¥o¶Oª/¤¬¦¦°%¾¯D«/¨¯D¬¦¬ ¶¹g¥ª/MÃ3°%«æ¥o¶
·ª%¦«/Â²â¶N¢1¯D£R¶N°%¥mû£%¦¬¦¬¦ ¶N«½4¯D¢o·Å?ºª/~¶»4¤¢F¯D¬¦¬#¢o¯N©¤¥ ¶N«-£;¯D¬Ù¯D«/©m©¯D«£RÂ¢o¤Á%¢o·o¤«	¥o¨O£	½@?
4p→ α + 2e+ + 2νe. ÔûPÅ¦ûÕ
¹j¦¥ª¯M¾5¯N·F·m³À©·F·m¶D²ﬃ^/Åd
.Í-)ü Á%¬¦°/·ﬁ.Í-)ü ²¢o¶N¾ä¥ª/5¯D«%«%¦ª%¦¬Ù¯D¥ ¶N«¶D²j +  ·Å+ºª/WÁ%ÁÉ)©oª;¯D¦« ·
«/¶¹µ9«/¶¹j«M¥o¶©¶N«	¥¢¦£%°%¥om¯D£R¶N°%¥{ýPþ4ß ¶D²ﬂ¥ª/mÃ3°%«) ·j¤«/¤¢±P½5Á%¢o¶9¨°/©¤¥ ¶N«.¦«=¦¥o·X¦«%«/¤¢j©¶N¢oPÅ?ºª/¢o³É
¾5¯D¦«/¨%¤¢X ·Ò©¶N«3¥¢¦£%°%¥o¨(£3½W¥ª/Q©¯D¢£R¶N«ÉÈ«%¦¥¢o¶N±4¤«É)¶À½9±4¤«ﬀÔÈÑXÄÂá\Õ?©¤½9©¤¬ P§3¹jª% ©oªM¹X¯N·Ò¦«/¨%¤ÁR¤«/¨%¤«	¥¬¦½
¨ ·o©¶»4¤¢o¨£	½æÑÅÓÅﬂ»4¶N«, :¤¦­·FÏN©Fµ4¤¢OÔûýPþ4Õ{¯D«/¨,;UÅ¿¤¥ª/ÔûýPý4Õ )Åºª/M¨%¤¥F¯D¦¬ ·W¶D²{¥ª/
«	°/©¤¬ ¯D¢Q¢o¯N©¤¥ ¶N«/·{¦«¥ª/ÂÁ%Á¯D«/¨-ÑXÄÂá8©¤½©¤¬ ·1¯D¢om·o°%¾W¾5¯D¢¦­¨¦«º¯D£%¬ ·UûPÅ¦û~¯D«/¨:ûPÅÅ
Ã9¶N¬Ù¯D¢eÁ%¢o¶3©·F·o·U¯D¢o=¨×Ú5©¤°%¬¦¥U¥o¶O£5¥o·¥o¨æ·¦«/©+¥ª/5¢o¤±P ¶N«¦«æ¹jª% ©oªæ¥ª/¤¢¾+¶N«	°/©¤¬ ¯D¢² °/· ¶N«
 ·Q¯N·F·°%¾+¨O¥o¶5¥F¯Dµ4mÁ%¬Ù¯N©U ·{¥ª/Ã3°%«) ·Q©¶N¢o¯D«/¨¦¥Q ·1ª% ¨%¨%¤«-£	½.¥ª% ©oµO¬Ù¯½4¤¢o·Â¶D²?©¶3¶N¬ ¤¢Q¾5¯D¥o¤¢Ù¯D¬ÈÅ
¡Q¾+¶N«%±=¥ª/UÁ;¯D¢¥ ©¤¬ ·Â¢o¤¬ ¯N·o¨-£	½-¥ª/·o~¢o¯N©¤¥ ¶N«/·§2¶N«%¬¦½¥ª/~«/¤°%¥¢¦«/¶M©¯D«Ì·o©¯DÁR~¥ª/e·°%¢²È¯N©U¶D²
Ã3°%«#ÅÌºª/=·¥°/¨½¶D²1·o¶N¬Ù¯D¢«/¤°%¥¢¦«/¶P· ·e¥ª/¤¢o³²â¶N¢o(¥ª/M¶N«%¬¦½ﬀ¨¦¢o©¤¥¹¯½ﬀ¹X=ª;¯»4P§Ò¯D¥eÁ%¢o·o¤«3¥§?¥o¶
·¥°/¨½=¥ª/\Á%¢o¶9©·o·o·j£3½(¹jª% ©FªO¥ª/~Ã3°%«Ôâ¯D«/¨¶N¥ª/¤¢Q·¥F¯D¢o· ÕX·ª%¦«/PÅ
Ã3¦«/©M¥ª/=Á%Á¢o¯N©¤¥ ¶N«G ·W¯D¥e¥ª/=£;¯N·oM¶D²1¥ª/=Á%ÁG©oª;¯D¦«#§L¥ª/=Á%Áæ«/¤°%¥¢¦«/¶ú/°Àæ ·©¶N«%«/©¤¥o¨
¨¦¢o©¤¥¬¦½~¥o¶Q¥ª/{Ã3°%«U¬¦°%¾W¦«/¶P·o¦¥)½4§P£%°%¥²â¶N¢S¯D¬¦¬9¥ª/¶N¥ª/¤¢«/¤°%¥¢¦«/¶Â·o¶N°%¢o©·S¨%¤¥F¯D¦¬ ¨¾+¶9¨%¤¬ ·S¨%·o©¤¢¦£%¦«%±
¥ª/m©¶N«/¨¦¥ ¶N«/·1¦«/· ¨%\¥ª/~Ã3°%«-¯D¢o\«/©·F·F¯D¢½4Å
ºª/:Ã9¶N¬Ù¯D¢.Í-¶9¨%¤¬ ·.¯D¢o-·F·o¤«	¥Ù¯D¬¦¬¦½6·o¶N¬¦°%¥ ¶N«/·.¶D²m¥ª/B·¥o¤¬¦¬Ù¯D¢.¤»4¶N¬¦°%¥ ¶N«øØ3°;¯D¥ ¶N«/·M°/·¦«%±æ¥ª/
µ9«/¶¹j«ÌÁ%¢o¶NÁR¤¢¥ ·m¶D²Ò¬¦°%¾W¦«/¶P·¦¥å½4§2¾5¯N·o·§R¢F¯N¨¦°/·U¯D«/¨B¯D±4+¯N·Â£R¶N°%«/¨/¯D¢½-©¶N«/¨¦¥ ¶N«/·U¯D«/¨Ì©¤¢o¶P·o·\·o©³É
¥ ¶N«/·²â¶N¢«	°/©¤¬ ¯D¢1¢o¯N©¤¥ ¶N«/·§%¤¬ ¤¾+¤«	¥¯D£%°%«/¨/¯D«/©·¯D«/¨M¢F¯N¨Ù¯D¥¦»4~¯D£/·o¶N¢Á%¥ ¶N«O©¶9³Ú5©¤ ¤«	¥o·¯N·¦«%Á%°%¥
¨/¯D¥F¯ÅÃ3¦«/©M¥ª/M¶N£%¬Ù¯D¥o¤«/·o· ·»4¤¢½æ·¾5¯D¬¦¬È§u¥ª/Ã3°%« ·¯N·F·°%¾+¨æ¥o¶-£RM·Á%ª/¤¢ ©¯D¬ÈÅﬀºª/=¾+¶9¨%¤¬ ·
£;¯N· ©¯D¬¦¬¦½(¯N·F·°%¾+¥ª;¯D¥Ò¥ª/±P¢F¯»9¦¥F¯D¥ ¶N«;¯D¬#©¶N«	¥¢F¯N©¤¥ ¶N«. ·X£;¯D¬Ù¯D«/©¨=£	½5¥ª/Q¢F¯N¨Ù¯D¥¦»4Á%¢o·o·o°%¢o1² ¢o¶N¾
¥ª/¤¢¾+¶N«	°/©¤¬ ¯D¢1¢o¯N©¤¥ ¶N«/·Å?Ó%°%¢¥ª/¤¢§%¥ª/Â¤«/¤¢±P½( ·Ò¥¢F¯D«/·oÁ¶N¢¥o¨.¶N«%¬¦½(£	½5©¶N«3»4©¤¥ ¶N«-¯D«/¨=¢F¯N¨Ù¯D¥ ¶N«
² ¢o¶N¾ë¥ª/m©¶N¢om¶D²S¥ª/UÃ3°%«.¥o¶W¥ª/m·°%¢²È¯N©PÅ
ºª/.¤»4¶N¬¦°%¥ ¶N«6Ø	°;¯D¥ ¶N«#§X·o¶N¬¦»4¨¦¥o¤¢F¯D¥¦»4¤¬¦½G·¥F¯D¢¥¦«%±B² ¢o¶N¾ò¥ª/M¦«%¦¥Ù¯D¬{¾5¯D¦«^·oØ3°/¤«/©:Ôâ¯D¬ ·o¶
©¯D¬¦¬ ¨+­¤¢o¶DÉå¯D±41¾5¯D¦«É)·oØ3°/¤«/©P§C¡ÍÌÃ%Õ³§P¥ª/¤«5¶N°%¥Á%°%¥o·Ò¢F¯N¨Ù¯D¬*¨ ·¥¢¦£%°%¥ ¶N«/·X¶D²2¥o¤¾WÁ¤¢F¯D¥°%¢oP§9¨%¤«É
·¦¥å½B¯D«/¨ÌÁ%¢o·F·°%¢oP§#¥ª/+©¶N¾WÁR¶P·¦¥ ¶N«ﬀ¶D²¥ª/+Ðuª/¶N¥o¶P·oÁ%ª/¤¢o-Ô¥ª/+¶N°%¥o¤¢m¬Ù¯½4¤¢~¶D²¥ª/(Ã3°%«*Õ³§#¥ª/² ¢o³É
Ø3°/¤«/©¤½·Á©¤¥¢°%¾Î²â¶N¢¯N©¶N°/·¥ ©¶P·o©¤¦¬¦¬Ù¯D¥ ¶N«/·Â¶D²?¥ª/WÃ3°%«) ·Q·°%¢²È¯N©¯D«/¨O¥ª/U·o¶N¬Ù¯D¢Q«/¤°%¥¢¦«/¶M·ÁR©¤¥¢F¯
¯D«/¨Mú/°À%·Å
ûþ
ÑÒª;¯DÁ%¥o¤¢1û?=Ã9¶N¬Ù¯D¢1Ä¤°%¥¢¦«/¶P·Q¯D«/¨OÄQ¤°%¥¢¦«/¶(á·F©¤¦¬¦¬Ù¯D¥ ¶N«/·
¼1¯N©¤¥ ¶N« ¿X¢F¯D«/©Fª%¦«%±5¢F¯D¥ ¶OÔÈßWÕ  ¸
ν 〈qν〉
 ÍÈü	  Í-)üF  Í-)üF
p + p→ 2H + e+ + νe ÔÙé	é#Õ ýPýÅd

 ûPÅ B ≤ Å B Å
p + e− + p→ 2H + νe ÔÙé%ê)éﬂÕ Å ûPÅ B ûPÅ B ûPÅ B
2H + p→ 3He + γ û Å 	ý^
3He + 3He→ α + 2p þ^/Å ý ûÅ þ
3He + p→ 4He + e+ + νe Ôuêåé#Õ û −5 ûýÅd
Ný ≤ ûþÅ þ ýÅ

3He + 4He→ 7Be + γ ûÅPþ ûPÅPþ
7Be + e− → 7Li + νe Ô 7  êÕ ûÅ
 Å þÔâý4ßWÕ Å þ Å þ
ÅPþÔû4ßWÕ ÅPþ ÅPþ
7Li + p→ 2α ûÅ
 ûi
9Å^

7Be + p→ 8B + γ Åû Å¦û

8B → 8Be∗ + e+ + νe Ô 8  Õ Åû ûi
9Å ýPþ ≤ û Åd
9û
8Be∗ → 4He + 4He Åû
º¯D£%¬ ûPÅ¦û?uºª/QÁ%¢o¶N¥o¶N«ÉÈÁ%¢o¶N¥o¶N«ﬀÔÁ%Á*Õ?©¤½©¤¬ ¶D²ﬂ«	°/©¤¬ ¯D¢X² °/· ¶N«(¢o¯N©¤¥ ¶N«/·X¦«=¥ª/mÃ3°%«#Åuºª/¤¢o¯D¢o1Ö/»4
ν
É)¤¾W¦¥¥¦«%±+¢o¯N©¤¥ ¶N«/·Q¦«.¥ª% ·{©¤½©¤¬ PÅ
¼Q¯N©¤¥ ¶N«  ¸
ν 〈qν〉
 Í-)üF  ÍÈü	  ÍÈü	
12C + p→ 13N + γ ûPÅ ý^B
13N → 13C + e+ + νe (13N) Åû ≤ 1.199 Åd
`

13C + p→ 14N + γ 
9Åû
14N + p→ 15O + γ 
9ÅPý

15O → 15N + e+ + νe (15O) Åd
`^ ≤ 1.732 Å ýPý
15N + p→ 12C + α /Å ý
¶N¢
15N + p→ 16O + γ ûÅ¦ûPþ
16O + p→ 17F + γ Å
17F → 17O + e+ + νe (17F ) Åd
` ≤ 1.740 Å ýPýPý^
17O + p→ 14N + α
º¯D£%¬ -ûPÅ?Uºª/=Ã%Ã9Í Á%¢o¨ ©¤¥o·5ûPÅ4ßä¶D²j¥ª/+¤«/¤¢±P½B² ¢o¶N¾¥ª/MÃ3°%«ﬀ©¶N¾+·m² ¢o¶N¾¥ª/(ÑXÄ\áë©¤½©¤¬ PÅ
ºª%¢o\«/¤°%¥¢¦«/¶P·¯D¢om¤¾W¦¥¥o¨.² ¢o¶N¾ë¥ª% ·{·o¶N°%¢o©PÅ
ûý
ÑÒª;¯DÁ%¥o¤¢1û?MÃ9¶N¬Ù¯D¢1ÄQ¤°%¥¢¦«/¶P·¯D«/¨Ä¤°%¥¢¦«/¶(á·o©¤¦¬¦¬Ù¯D¥ ¶N«/·
Ó¦±P°%¢o~ûPÅ¦û?Sºª/{Á%¢o¶N¥o¶N«ÉÈÁ%¢o¶N¥o¶N«ÌÔÁ%Á*Õu©¤½©¤¬ 1¶D²2«3°/©¤¬ ¯D¢L² °/· ¶N«+¢o¯N©¤¥ ¶N«/·X¦«+¥ª/ÂÃ3°%«#Åuºª/Qß»P¯D¬¦°/·
¦«/¨ ©¯D¥o¨-¯D¢oÂ¥ª/m£%¢F¯D«/©oª%¦«%±5¢F¯D¥ ¶5¶D²S¯N©FªO¢o¯N©¤¥ ¶N«#Å
Ã9¶N¬Ù¯D¢{Í¶3¨%¤¬ ·©¯D«M£R¯D¬ ·o¶e¥o·¥o¨=£3½(©¶N¾WÁ;¯D¢¦«%±W¥ª/¤¦¢jÁ%¢o¨ ©¤¥ ¶N«/·X²â¶N¢X¥ª/Â·o¶N°%«/¨M·ÁR¨(¦«/· ¨%
¥ª/=Ã3°%«ﬀ¹j¦¥ªﬀ¥ª/+¢F¯N¨Ù¯D¬X¨ ·¥¢¦£%°%¥ ¶N«/·e©¯D¬ ©¤°%¬Ù¯D¥o¨:² ¢o¶N¾q¥ª/Wª/¤¬¦ ¶P·F¤ ·¾W ©(¯N©¤¥¦»9¦¥)½ÌÁ%¢o©¤ · ¶N«æ¶N£É
·o¤¢»P¯D¥ ¶N«/·1¾5¯N¨%U£	½·F¤»4¤¢F¯D¬³ÀÁ¤¢¦¾+¤«3¥o· ^)Åjºª/e¯D±P¢o¤¾+¤«3¥Â£¤¥å¹Ò¤«B¥ª/~¾+¯N·o°%¢o¤¾+¤«	¥o·\¯D«/¨
¥ª/UÁ%¢o¨ ©¤¥ ¶N«/·\¶D²L¥ª/U¿ÐlVd
S¾+¶3¨%¤¬ ·Â¯D¥Q¥ª/U¬ ¤»4¤¬¶D²Å¦ûß ¢¾+·eÔ Ó¦±P°%¢oMûPÅ4Õ³Å;Q¤¢o¯² ¥o¤¢§
¹Ò¹j¦¬¦¬u©¶N«/· ¨%¤¢\¥ª/e¾+¶9¨%¤¬S¢o©¤«	¥¬¦½BÁ%°%£%¬¦ ·ª/¨£	½B¿j¯Dª/©¯D¬¦¬u¯D«/¨ÌÐ?¦«/·o¶N«%«/¯D°%¬¦¥U¯N·¥ª/+Ã3¥F¯D«/¨/¯D¢o¨
Ã9¶N¬Ù¯D¢1Í¶3¨%¤¬LÔÈÃ%Ã9ÍÌÕ³§%¢o³²â¤¢¢o¨O¯N·{¿Ðl^G þ`)Å
ºª/Bú/°À%·¶D²W¯N©oªè¦«/¨¦»9 ¨°;¯D¬U·F¶N°%¢o©Ì¬¦ ·¥o¨ø¦«yº¯D£%¬ ûPÅ¯D¢oÌÁ%¢o¨ ©¤¥o¨£3½ø¥ª/:¿Ðl^
¾+¶9¨%¤¬	©¶N¾~£%¦«/¨~¹j¦¥ª~¥ª/u¢o©¤«3¥#¢o·°%¬¦¥2² ¢o¶N¾è¥ª/?ùﬂ¯D£R¶N¢F¯D¥o¶N¢½mÞQ«/¨%¤¢±P¢o¶N°%«/¨~ÄQ°/©¤¬ ¯D¢ﬂ¡Q·o¥¢o¶NÁ%ª	½· ©·
³ÀÁ¤¢¦¾+¤«3¥5Ô ù#ÞQÄ¡\Õ ýu¥ª;¯D¥Â¾+¯N·°%¢o¨B¥ª/ 14 ÄÔÁ#§ γ
Õ 15 áÝ²°/·o ¶N«¢o¯N©¤¥ ¶N«#ÅUºª/¤«/¤¢±P½·ÁR©¤¥¢F¯
©¶N¢¢o·ÁR¶N«/¨¦«%±5¥o¶¥ª/m·F¶N¬Ù¯D¢j«/¤°%¥¢¦«/¶Wú/°À%·1¯D¢om·ª/¶¹j«¦«Ó¦±P°%¢o+ûPÅÅ

ÑÒª;¯DÁ%¥o¤¢1û?=Ã9¶N¬Ù¯D¢1Ä¤°%¥¢¦«/¶P·Q¯D«/¨OÄQ¤°%¥¢¦«/¶(á·F©¤¦¬¦¬Ù¯D¥ ¶N«/·
Ã9¶N°%¢o© Ó¬¦°À
¦û 10cm−2s−1

é4é Å ýPþOÔû ± ÅûÕ
é%ê)é ûPÅ BOÔû ± Å4ÕÒÀÌû −2
ê)é 
9Å ýOÔû ± Å¦û4ÕÒÀÌû −7
7 ¿ /Å þOÔû ± Å¦û4ÕÒÀÌû −1
8 ¿ Åd

Ôû ± Å4ÕÒÀÌû −4
13 Ä ÅOÔû +0.37
−0.35
ÕLÀBû
−2
15 á Å^Ôû +0.43
−0.39
ÕLÀBû
−2
17 Ó Å þ%Ôû +0.44
−0.44
ÕLÀBû
−2
º¯D£%¬ ÌûPÅ?Ã9¶N¬Ù¯D¢W«/¤°%¥¢¦«/¶ú/°À%·+¯N·o·°%¾W¦«%±:¿Ðl^ þjÁ%¬¦°/·W¥ª/=¢o©¤«	¥5¢o·°%¬¦¥W¶N«æ¥ª/ 14 Ä>QÁ
² °/· ¶N«5¢o¯N©¤¥ ¶N«5²¢o¶N¾ ù#ÞQÄ¡. ý)ÅSºª/1©¶N¢¢o·ÁR¶N«/¨%¤«	¥j©¯DÁ%¥°%¢oQ¢F¯D¥o·?¦«=©oª%¬ ¶N¢¦«/\¯D«/¨+±	¯D¬¦¬¦¦°%¾g·o¶N¬Ù¯D¢
³ÀÁ¤¢¦¾+¤«3¥o·(¯D¢oþ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¥o¤¢¦«%±m¶D²«/¤°%¥¢¦«/¶P·S² ¢o¶N¾¤¬ ©¤¥¢o¶N«/·§P¥ª/¦«	»4¤¢o·o£R¤¥F¯¨%©¯½U¢o¯N©¤¥ ¶N«5¶N«W¨%¤°%¥o¤¢¦°%¾à¤¾W¦¥¥¦«%±
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¯N©¤¥ ¶N«/·Å
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Ã9¶N¬Ù¯D¢«/¤°%¥¢¦«/¶P·¹Ò¤¢oQÖ/¢o·¥¨%¤¥o©¤¥o¨=¦«ûýPþU£3½+¥ª/1Á% ¶N«/¤¢¦«%± 37 ÑÒ¬R³À9ÁR¤¢¦¾+¤«	¥{¶D²ﬂ¼¯½9¾+¶N«/¨
\¯»9 ·m¦«:¥ª/;Q¶N¾+·¥F¯Dµ4+±4¶N¬ ¨Ì¾W¦«/+¦«ﬀùﬂ¯N¨2§SÃ9¶N°%¥ªﬀ\¯Dµ4¶N¥F¯b¦û)Å5ºª/+¨%¤¥o©¤¥o¶N¢U¹X¯N·U£;¯N·o¨:¶N«
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¹j¦¥ªO¯D«¤«/¤¢±P½M¥ª%¢o·ª/¶N¬ ¨¶D²=Å þûe5Í-)ü Ô ·o¤«/·o¦¥¦»4\¾5¯D¦«%¬¦½(¥o¶ 7 ¿P§ 8 ¿Â§/¯D«/¨OÑXÄÂá«/¤°%¥¢¦«/¶P·§/·o
º¯D£%¬ ·UûPÅ¦û~¯D«/¨:ûPÅ4Õ³Å
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Å 37 ¡1¢+¯D¥o¶N¾+·W¹X¤¢o.³À9¥¢F¯N©¤¥o¨ÁR¤¢ ¶3¨ ©¯D¬¦¬¦½æ¤»4¤¢½æ©¶N°%Á%¬ .¶D²Q¾+¶N«	¥ª/·ÅGÃ3¾5¯D¬¦¬
Á%¢o¶NÁR¶N¢¥ ¶N«;¯D¬{©oª;¯D¾~£R¤¢o·¾+¯N·°%¢o¨æ¥ª/Éuµ4)üÎ¡Q°%±4¤¢e¤¬ ©¤¥¢o¶N«/·W¤¾W¦¥¥o¨æ£3½ﬀ¥ª/ 37 ¡1¢¤¬ ©¤¥¢o¶N«
©¯DÁ%¥°%¢om¨%©¯½ﬀÔ
τ1/2 ∼
+¨/¯½· Õ³Å
ºª/M³ÀÁ¤¢¦¾+¤«3¥+·°/©©·o·² °%¬¦¬¦½ﬀ¨%¤¥o©¤¥o·+¯-·o¶N¬Ù¯D¢«/¤°%¥¢¦«/¶P·¢F¯D¥oP§L¯»4¤¢F¯D±4¨G¶N«¥ª/-½4¯D¢o·e¶D²
¨/¯D¥F¯¥F¯Dµ9¦«%±-Ôûý
`ÉFûýPý4Õ³§;¶D²?
RHomestake = 2.56 ± 0.16 (stat.) ± 0.16 (syst.)SNU ÔûPÅ4Õ
ºª/\¾+¯N·o°%¢o¨.¢F¯D¥o5Ô² ¢o¶N¾¿Ðl^ù#ÞÄQ¡ þ§;ýÕÒ ·{¶N«%¬¦½.¶N«/³ÉÈ¥ª%¦¢o¨¶D²S¥ª/\Á%¢o¨ ©¤¥o¨O»N¯D¬¦°/?
Rpredicted = 8.2 ± 1.8SNU.
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·o¤«/·¦¥¦»4~¥F¯D¢±4¤¥1¾5¯N·o·Q©¶N«/· ·¥o·Q¶D²W¥o¶N«/·Q¶D²u±	¯D¬¦¬¦¦°%¾¦«O² ¶N¢¾Î¶D²S¬¦ Ø3°% ¨:m¯4ÑÒ¬
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·o¶N¬¦°%¥ ¶N«#ÅDÂÄ\á8 ·
¯D«°%Á%±P¢F¯N¨%m¶D²S¥ª/ﬁÂ¡ù#ù#¸¨%¤¥o©¤¥o¶N¢1°%Á¥o¶.û¥o¶N«/·{¶D²S¥F¯D¢±4¤¥1¾5¯N·o·Å
ºª/\¾+¯N·o°%¢o¨©¯DÁ%¥°%¢om¢F¯D¥o·§/¯² ¥o¤¢Q¯DÁ%Á%¢o¶À9¦¾5¯D¥o¤¬¦½:ûe½4¯D¢o·Q¶D²¢°%«%«%¦«%±/§
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ÑÒª;¯DÁ%¥o¤¢1û?MÃ9¶N¬Ù¯D¢1ÄQ¤°%¥¢¦«/¶P·¯D«/¨Ä¤°%¥¢¦«/¶(á·o©¤¦¬¦¬Ù¯D¥ ¶N«/·
RSAGE = 67.2
+7.2
−7.0 (stat.)
+3.5
−3.0 (syst.)SNU
ÔûPÅ4Õ
RGALLEX = 77.5 ± 6.2(stat.) +4.3−4.7 (syst.)SNU
ÔûPÅd
PÕ
RGNO = 65.8
+10.2
−9.6 (stat.)
+3.4
−3.6 (syst.)SNU
ÔûPÅ þ4Õ
¯D¢om·¦±P«%×Ö;©¯D«3¥¬¦½M£¤¬ ¶¹ Ô^3ßWÕX¥ª/\¿Ðl^ù#ÞÄ¡Á%¢o¨ ©¤¥ ¶N«/·§
Rpredicted = 131 ± 11SNU ÔûPÅ ý4Õ
©¶N«Ö/¢¾W¦«%±5¥ª/~¨%¤Á%¬ ¤¥ ¶N«O·o©¤«;¯D¢ ¶+·o¤«O£	½=¥ª/UÑÒª%¬ ¶N¢¦«/~³ÀÁ¤¢¦¾+¤«3¥Å
Ëm¯D¾W ¶NµP¯D«/¨%V¦û§ÒûX¯D«/¨:¦¥o·U·°/©©·o·o¶N¢U³À9ÁR¤¢¦¾+¤«	¥§LÃ3°%ÁR¤¢oËm¯D¾W ¶NµN¯D«/¨%:¦ûi
i)§¹Ò¤¢o(£%°%¦¬¦¥~¦«
¥ª/{Ëm¯D¾W ¶NµP¯Â¾W¦«/j¦«5®3¯DÁ;¯D«ÔÂ¾U¹ÒÕ³Å?ºª/¤½+¯D¢o¬¦¦±Pª	¥Ò¹X¯D¥o¤¢Ò«/¤°%¥¢¦«/¶~¨%¤¥o©¤¥o¶N¢o·?¹j¦¥ª£PþÂ¥o¶N«
¯D«/¨<ÅWµ9¦¬ ¶N¥o¶N«OÖ;¨°/©¤Ù¯D¬¾5¯N·o·§;¢o·Á©¤¥¦»4¤¬¦½4ÅÂÃ9¶N¬Ù¯D¢Q«/¤°%¥¢¦«/¶P·\¯D¢oe¶N£/·o¤¢»4¨-¥ª%¢o¶N°%±Pª-¥ª/U¤¬Ù¯N·¥ ©
·o©¯D¥¥o¤¢¦«%±5¶D²S«/¤°%¥¢¦«/¶P·1²¢o¶N¾ ¤¬ ©¤¥¢o¶N«/·§
ν + e− → ν + e− ÔûPÅ¦û4Õ
¨%¤¥o©¤¥¦«%±W¥ª/\ÑX¤¢o¤«%µ4¶»=¬¦¦±Pª	¥X²¢o¶N¾g¥ª/Q¢o©¶N¦¬¦¦«%±+¤¬ ©¤¥¢o¶N«M¹j¦¥ª ∼ û~Á%ª/¶N¥o¶N¾~°%¬¦¥¦Á%¬¦ ¤¢1¥°%£R·X¦«
Ëm¯D¾W ¶NµP¯D«/¨%U¯D«/¨ ∼ ûPû¦«Ã3°%ÁR¤¢oËm¯D¾W ¶NµP¯D«/¨%PÅ
ºª% ·-¥o©oª%«% Ø3°/ﬀª;¯N·-¥ª/¯N¨»P¯D«	¥F¯D±4¥o¶£R:·o¤«/·o¦¥¦»4P§m¤»4¤«	¥ÉÈ£3½	É)¤»4¤«3¥§¥o¶"¯D¬¦¬m¥ª/«/¤°%¥¢¦«/¶
ú*¯»4¶N°%¢o·ÅÌºª/(¨¦¢o©¤¥ ¶N«;¯D¬¦¦¥å½æ¶D²1¥ª/.ÑX¤¢o¤«%µ4¶»æ¬¦¦±Pª	¥Á%¢o¶»3 ¨%·W¨¦¢o©¤¥¤»3 ¨%¤«/©M¶D²1¥ª/=·o¶N¬Ù¯D¢¶N¢×É
±P¦«"¶D²Â¥ª/«/¤°%¥¢¦«/¶%ÅøÓ%°%¢¥ª/¤¢¾+¶N¢oP§{¦¥(·°%Á%Á%¬¦½¦«²â¶N¢¾5¯D¥ ¶N«"¶N«^¥ª/«/¤°%¥¢¦«/¶¤«/¤¢±P½G·ÁR©¤¥¢°%¾
¯D«/¨Ì¶N«Ì¥ª/W«/¤°%¥¢¦«/¶Mú/°À¥¦¾+W»P¯D¢Ù¯D¥ ¶N«/·\£	½¢o©¶N¢o¨¦«%±O¥ª/¥¦¾+W¶D²j¯N©oªﬀ¤»4¤«3¥Å5áQ«Ì¥ª/W¶N¥ª/¤¢
ª;¯D«/¨2§u¥ª/=£;¯N©oµ9±P¢o¶N°%«/¨¦¾WÁR¶P·o·eª%¦±Pª¤«/¤¢±P½¥ª%¢o·ª/¶N¬ ¨%·Ô¤
9ÅÍ-)ü ²â¶N¢eËm¯D¾W ¶NµP¯D«/¨%¯D«/¨Q.²â¶N¢
Ã3°%ÁR¤¢oËm¯D¾W ¶NµN¯D«/¨%Õj¾5¯Dµ3¦«%±+£R¶N¥ªO³ÀÁ¤¢¦¾+¤«3¥o·1·o¤«/·o¦¥¦»4m¶N«%¬¦½(¥o¶ 8 ¿¯D«/¨<%ê)é«/¤°%¥¢¦«/¶P·Å
Æå«æ¯D¬¦¾+¶P·¥+¯O¨%©¯N¨%=¶D²1¨/¯D¥F¯O¥F¯Dµ9¦«%±/§uËm¯D¾W ¶NµN¯D«/¨%M¶N£/·o¤¢»4¨G¯·F¶N¬Ù¯D¢U«/¤°%¥¢¦«/¶-ú/°À:² ¢o¶N¾ 8 ¿
Ø3°;¯D¬#¥o¶¦û^r?
ΦKamiokande = 2.80 ± 0.16 (stat.) ± 0.16 (syst.) × 106cm−2s−1. ÔûPÅ¦ûPûÕ
ÍB¯D¦«%¬¦½Ì¨°/+¥o¶.¦¥o·~ª%¦±Pª/¤¢~¾5¯N·o·§SÃ3°%Á¤¢oËm¯D¾W ¶NµP¯D«/¨%(±P¢o¯D¥¬¦½Ì¦«/©¤¢o¯N·o¨:¥ª/WÁ%¢o©¤ ·o ¶N«¶D²j¥ª% ·
¾+¯N·°%¢o¤¾+¤«3¥?
ΦSuperKamiokande = 2.32 ± 0.03 (stat.) +0.08−0.07 (syst.) × 106cm−2s−1
ÔûPÅ¦û4Õ
¹jª% ©oª©¶N¢¢o·ÁR¶N«/¨%·j¥o¶5¯¨%³Ö;©¤¦¥{¢o·ÁR©¤¥{¥o¶¥ª/\Á%¢o¨ ©¤¥o¨O»N¯D¬¦°/\¶D²{Ô ·omº¯D£%¬ +ûPÅ4Õp?
^
ÑÒª;¯DÁ%¥o¤¢1û?=Ã9¶N¬Ù¯D¢1Ä¤°%¥¢¦«/¶P·Q¯D«/¨OÄQ¤°%¥¢¦«/¶(á·F©¤¦¬¦¬Ù¯D¥ ¶N«/·
ΦSuperKamiokande/ΦBP2004 = 0.465 ± 0.015. ÔûPÅ¦û4Õ
Ã3°%ÁR¤¢oËm¯D¾W ¶NµN¯D«/¨%= ·W¯D¬ ·o¶-·o¤«/·¦¥¦»4(¥o¶¥ª/=·ª;¯DÁ=¶D²{¥ª/ 8 ¿à·¦±P«;¯D¬X¤«/¤¢±P½·Á©¤¥¢°%¾Å-ºª/
¾+¯N·°%¢o¨G·ÁR©¤¥¢°%¾ò ·W©¶N«/· ·¥o¤«3¥+¹j¦¥ªG¥ª/ 8 ¿à«/¤°%¥¢¦«/¶ﬀ·Á©¤¥¢°%¾¯N·Á%¢o¨ ©¤¥o¨G£3½¥ª/OÃ%Ã9Íæ§
¹j¦¥ª«/¶B¤«/¤¢±P½	É)¨%¤ÁR¤«/¨%¤«	¥5¨ ·o¥o¶N¢¥ ¶N«/·Åﬀºª/M·o¯N·o¶N«;¯D¬»P¯D¢Ù¯D¥ ¶N«¶D²1¥ª/(ú/°À ·W¯D¬ ·o¶B©¶N«/· ·¥o¤«3¥
¹j¦¥ª=¥ª;¯D¥³ÀÁR©¤¥o¨+² ¢o¶N¾ ¥ª/Â©©¤«3¥¢ ©¤¦¥)½M¶D²#¥ª/¸Ò¯D¢¥ª) ·X¶N¢£%¦¥Ål;Q¶¹Ò¤»4¤¢§¥ª/¤¢o ·X¯U¨ ·o©¤¢o¤Á;¯D«/©¤½
£R¤¥)¹Ò¤«-¥ª/Âú/°ÀM¾+¯N·°%¢o¨¨°%¢¦«%±5¥ª/\¨/¯½¯D«/¨¨°%¢¦«%±+¥ª/\«%¦±Pª3¥?
Φn − Φd
Φn + Φd
= 0.033 ± 0.022 (stat.) +0.013−0.012 (syst.).
ÔûPÅ¦ûe3Õ
·ª/¶¹j¦«%±=¯e¹Ò¯Dµ.¨%¤Á;¯D¢¥°%¢om²¢o¶N¾¥W¯D¥Q¯D£R¶N°%¥~ûPÅ
σ
Å
ºª/Ã3°%£¨°%¢½Ä¤°%¥¢¦«/¶MáQ£/·F¤¢»N¯D¥o¶N¢½ﬀÔÈÃ9Ä\á\Õ>¦ûþ^ ·Q·¦¥o¨:W¾Î°%«/¨%¤¢±P¢o¶N°%«/¨Ô+¾~¹XÕ
«/¯D¢Ã3°%£R¨°%¢½4§?áQ«	¥F¯D¢ ¶%§?Ñ¯D«;¯N¨/¯Å.ºª/+¥F¯D¢±4¤¥U¾5¯N·o·~¶D²mûPû¥o¶N«/·U¶D²jª/¯»9½B¹X¯D¥o¤¢e ·~©¶N«3¥F¯D¦«/¨
£	½.¯·Á%ª/¤¢ ©¯D¬¯N©¤¢½9¬¦ ©Â»4·o·o¤¬ﬂ¯D«/¨.·oª% ¤¬ ¨%¨.£	½.¯e»4¶N¬¦°%¾+m¶D²S¬¦¦±Pª	¥{¹¯D¥o¤¢ÅÒÃ3°%¢¢o¶N°%«/¨¦«%±5¥ª/m¯N©¤¢½9¬¦ ©
»4·o·o¤¬2 ·Q¯e±4¶3¨%· ©~·¥¢°/©¤¥°%¢om·°%Á%ÁR¶N¢¥¦«%±(ýÁ%ª/¶N¥o¶N¾U°%¬¦¥¦Á%¬¦ ¤¢Q¥°%£R·Å
ºª/j°/·Fj¶D²ª/¯»3½e¹X¯D¥o¤¢Ò¦«(Ã9ÄÂá¯D¬¦¬ ¶¹{·?¥ª/j¨%¤¥o©¤¥ ¶N«=¶D²«/¤°%¥¢¦«/¶P·L¹j¦¥ª5¤«/¤¢±P ·D¦8Åd
`\ÍÈü
»9Ù¯©¯DÁ%¥°%¢o~¶N«¨%¤°%¥o¤¢¦°%¾«3°/©¤¬ ¤ﬂ¦«O¯N¨%¨¦¥ ¶N«-¥o¶¥ª/\«/¤°%¥¢¦«/¶DÉ)¤¬ ©¤¥¢o¶N«¤¬Ù¯N·o¥ ©m·o©¯D¥¥o¤¢¦«%±H?
νe + d→ p + p + e− (Charged Current : CC)
νx + e
− → νx + e− (Elastic Scattering : ES) ÔûPÅ¦û4Õ
νx + d→ p + n + e− (Neutral Current : NC).
Æå«-¥ª/¯D£R¶»4e¢o¯N©¤¥ ¶N«/·§R¥ª/+ÑX¤¢o¤«%µ4¶»-¬¦¦±Pª	¥\¤¾W¦¥¥o¨B£	½¥ª/U¢o©¶N¦¬u¤¬ ©¤¥¢o¶N«/·Â¦«-¥ª/+ÑjÑ¯D«/¨
¸ÒÃW¢o¯N©¤¥ ¶N«/·X¯D¢o{¶N£/·F¤¢»4¨+£	½¥ª/QÐ?Í-º> ·ÅÓ;¶N¢L¥ª/{Ä\Ñæ¢o¯N©¤¥ ¶N«#§3¥ª/j² ¢oj«/¤°%¥¢o¶N«5 ·L¥ª/¤¢¾5¯D¬¦¦­¨
¯D«/¨©¯DÁ%¥°%¢o\£3½MÁ%¢o¶N¥o¶N«/·{½9 ¤¬ ¨¦«%±
γ
ÉÈ¢F¯½4ÅLÆ)¥o·{¤¬ ©¤¥¢o¶N«-·ª/¶¹X¤¢1 ·{¨%¤¥o©¤¥o¨O£	½ÑX¤¢o¤«%µ4¶»³Ê2©¤¥Å
ºª/UÑjÑø¢o¯N©¤¥ ¶N« ·{·o¤«/·¦¥¦»4~³À©¤¬¦°/·¦»4¤¬¦½=¥o¶¥ª/
νe
©¶N¾WÁ¶N«/¤«3¥Q¶D²S¥ª/ 8 ¿^ú/°ÀM¹jª%¦¬ \¥ª/mÄ\Ñ
©¤¢o¶P·o·?·F©¤¥ ¶N«+ ·u¦«/¨%¤ÁR¤«/¨%¤«	¥¶N«+¥ª/j«/¤°%¥¢¦«/¶\ú*¯»4¶N°%¢LÁ%¢o¶»3 ¨¦«%±U¦«² ¶N¢¾5¯D¥ ¶N«=¶D²¥ª/j¥o¶N¥F¯D¬ 8 ¿æú/°À2Å
¡Q¬ ·o¶%§%¥ª/~¸XÃ=¢o¯N©¤¥ ¶N«- ·Q·o¤«/·¦¥¦»4\¥o¶(¯D¬¦¬ﬂ«/¤°%¥¢¦«/¶Wú*¯»4¶N°%¢o·Â¤»4¤«¥ª/¶N°%±Pª-¥ª/
νe
É)
−
©¤¢o¶P·o·Q·o©¤¥ ¶N«
¨%¶N¾W¦«;¯D¥o·
νµ,τ
É)
−
£3½¯U²â¯N©¤¥o¶N¢ ∼ ÅÅ
º¶G¤«%ª;¯D«/©Ì·o¤«/·¦¥¦»9¦¥)½6¥o¶¥ª/BÄ\Ñ¢o¯N©¤¥ ¶N«#§Q¥å¹Ò¶G¾+¤¥ª/¶9¨%·Mª;¯»4B£R¤«øÁ%¬Ù¯D«%«/¨§?«/¤°%¥¢o¶N«
©¯DÁ%¥°%¢oÂ¶N« 35 ÑÒ¬R¦«MÄ¯4ÑÒ¬2¯N¨%¨%¨=¥o¶~¥ª/ª/¯»3½+¹¯D¥o¤¢§Á%¢o¶3¨°/©¤¦«%±+þÅeÍÈü γ
ÉÈ¢F¯½9·\Ôâ¯D¬¦¢o¯N¨½(¦¾WÁ%¬ ³É
¾+¤«	¥o¨;ÕL¯D«/¨ 3 ;XÖ/¬¦¬ ¨+Á%¢o¶NÁR¶N¢¥ ¶N«;¯D¬*©¶N°%«	¥o¤¢o·ÒÁ%¬Ù¯N©¨W¦«/· ¨%{¥ª/j»4·o·o¤¬Ôâ¯N©¤¥°;¯D¬¦¬¦½¥ª/1¦«/·¥F¯D¬¦¬Ù¯D¥ ¶N«
 ·{¶N«.Á%¢o¶N±P¢o·o·³Õ³Å
Æå«.Ã9¤Á%¥o¤¾U£¤¢D§9¥ª/mÃ9ÄÂáè©¶N¬¦¬Ù¯D£¶N¢F¯D¥ ¶N«.¢o¤ÁR¶N¢¥o¨=¥ª/1¬Ù¯N·o¥Ò¢o·°%¬¦¥o·X°/·¦«%±e¥ª/ÄÂÑ¢o¯N©¤¥ ¶N«
¾+¯N·°%¢o¤¾+¤«3¥ÅLºª/Â¤«	¥¦¢oÂÖ/¢o·o¥ÒÁ%ª;¯N·o\¨/¯D¥F¯e·o¤¥mÔ Ä¶»4¤¾U£¤¢mûýPýPýUÉuÍ¯½£ûÕ³§¹j¦¥ª/¶N°%¥{·F¯D¬¦¥§9¹¯N·
¢o³Éå¯D«;¯D¬¦½9­¨M¹j¦¥ª.¯~¬ ¶¹X¤¢1¤«/¤¢±P½+¥ª%¢o·ª/¶N¬ ¨:ÔeÍÈümÕ³Å3ºª/¾+¯N·°%¢o¨ 8 ¿ú/°À·X²â¶N¢X¯N©Fª.¢o¯N©¤¥ ¶N«

ÑÒª;¯DÁ%¥o¤¢1û?MÃ9¶N¬Ù¯D¢1ÄQ¤°%¥¢¦«/¶P·¯D«/¨Ä¤°%¥¢¦«/¶(á·o©¤¦¬¦¬Ù¯D¥ ¶N«/·
¯D¢o¨¦ûý§H%§Hû©r?
ΦSNOCC = 1.59 ± +0.08−0.07 (stat.) ± +0.06−0.08 (syst.) × 106cm−2s−1
ΦSNOES = 2.21 ± +0.31−0.26 (stat.) ± 0.10 (syst.) × 106cm−2s−1
ÔûPÅ¦û4Õ
ΦSNONC = 5.21 ± 0.27 (stat.) ± 0.38 (syst.) × 106cm−2s−1.
Æå¥ ·¦«	¥o¤¢o·¥¦«%±:¥o¶Ì¶N£/·F¤¢»4M¥ª/¯D±P¢o¤¾+¤«	¥+£R¤¥)¹X¤«¥ª/.¸ÒÃ¢o¯N©¤¥ ¶N«¢o·°%¬¦¥o·¦«"Ã9Ä\áã¯D«/¨
Ã3°%ÁR¤¢oËm¯D¾W ¶NµN¯D«/¨%:Ô ¸?Ø^ûPÅ¦û4Õ\¹jª% ©Fª©¶N«Ö/¢¾+·¥ª/=¨%³Ö;©¤¦¥¹j¦¥ª¢o·oÁ©¤¥e¥o¶O¥ª/=¿Ðl^BÁ%¢o¨ ©³É
¥ ¶N«#Å¡¥1¥ª/U·F¯D¾+\¥¦¾+P§*¥ª/mÄÂÑ¢o·°%¬¦¥Q¯D±P¢o·Q¹j¦¥ªO¥ª/Ã%Ã9Í Á%¢o¨ ©¤¥ ¶N«æÔ º¯D£%¬ =ûPÅ4Õ¹j¦¥ª%¦«û
σ
°%«/©¤¢¥F¯D¦«	¥å½ª?
Φ(8B)measured = (0.88 ± 0.04 (stat.) ± 0.11 (syst.)) × Φ(8B)theory. ÔûPÅ¦ûi
PÕ
Æå¥L¯DÁ%Á¯D¢o·L©¤¬ ¯D¢§N²¢o¶N¾÷¥ª/¢o·o°%¬¦¥o·u¬¦ ·¥o¨¦«+¸?Ø=ûPÅ¦û§4¥ª;¯D¥?¶N«%¬¦½¶N«/¥ª%¦¢o¨+¶D²*¥ª/1·o¶N¬Ù¯D¢u«/¤°%¥¢¦«/¶
ú/°À=²¢o¶N¾ 8 ¿¯D£R¶»4WÍÈü8ª;¯N·{¤¬ ©¤¥¢o¶N«% ©mú*¯»4¶N°%¢Å

u« bGcedëx;h{o{inedu}mv;iRlonehtrUiRhﬃ¬od?s
ºª/\·o·o¤«/©Â¶D²¥ª/·F¶N¬Ù¯D¢j«/¤°%¥¢¦«/¶Á%¢o¶N£%¬ ¤¾  ·¥ª/Â³À9ÁR¤¢¦¾+¤«	¥F¯D¬ﬂ¨%¤¥o©¤¥ ¶N«-¶D²¥)¹X¶¥o¶¥ª%¢oÂ¥¦¾+·
²â¤¹Ò¤¢1·o¶N¬Ù¯D¢j«/¤°%¥¢¦«/¶P·1¥ª;¯D«Á%¢o¨ ©¤¥o¨£3½(¥ª/~Ã3¥F¯D«/¨/¯D¢o¨BÃ9¶N¬Ù¯D¢1Í¶3¨%¤¬ÈÅLÃ3¦«/©\¥ª/~ÑÒª%¬ ¶N¢¦«/U³À9ÁR¤¢É
¦¾+¤«	¥§¾+¶N¢oW¥ª;¯D«bM½4¯D¢o·U¯D±4¶%§#¥ª% ·\¢o¤Á%¢o·o¤«3¥o¨:¥ª/+¶N«%¬¦½B·o¶N¬Ù¯D¢\«/¤°%¥¢¦«/¶.Á%¢o¶N£%¬ ¤¾Å(ºª/W¨/¯D¥F¯
¯N©©¤°%¾~°%¬Ù¯D¥ ¶N«² ¢o¶N¾¥ª/m² ¶N¬¦¬ ¶¹j¦«%±=³ÀÁ¤¢¦¾+¤«3¥o·Q©¶N«Ö/¢¾+¨-¥ª/m¦«/©¶N«/·o ·¥o¤«/©e¯N·1 ·1©¤¬ ¯D¢¬¦½·ª/¶¹j«
¦«ﬀÓ¦±P°%¢oOûPÅ /§¹jª/¤¢o+¥ª/+¾+¯N·°%¢o¨:¢F¯D¥o·=Ô£%¬¦°/Õm¯D¢o+¨¦¢o©¤¥¬¦½:©¶N¾WÁ;¯D¢o¨¥o¶.¥ª/WÁ%¢o¨ ©¤¥o¨æ¶N«/·
²â¶N¢{¯N©oª-·F¶N¬Ù¯D¢j«/¤°%¥¢¦«/¶5·o¶N°%¢o©+Ô ©¶9¨%¨.¹j¦¥ªO¨×Ê2¤¢o¤«	¥©¶N¬ ¶N°%¢o· Õ³Å
Æå«=ûýPý§	®/ÅNÄUÅD¿j¯Dª/©¯D¬¦¬;¯D«/¨A;eÅD¿X¤¥ª/­%ÁR¶N¦«	¥o¨W¶N°%¥?¯1·F©¶N«/¨U«/¤°%¥¢¦«/¶ÂÁ%¢o¶N£%¬ ¤¾§	©¶N¾WÁ;¯D¢¦«%±
¥ª/(¾+¯N·°%¢o¨æ¢F¯D¥o·m² ¢o¶N¾ Ëm¯D¾W ¶NµP¯D«/¨%.¯D«/¨ÑÒª%¬ ¶N¢¦«/M³ÀÁ¤¢¦¾+¤«3¥o·ÅBºª/MÑÒª%¬ ¶N¢¦«/M³ÀÁ¤¢¦¾+¤«3¥
ª;¯N¨W¯Q¬ ¶¹¤«/¤¢±P½e¥ª%¢o·ª/¶N¬ ¨¶D²RþûeÂµ4Èü§N¹jª/¤¢o¯N·S¥ª/jËm¯D¾W ¶NµN¯D«/¨%j³ÀÁR¤¢¦¾+¤«	¥§	¨°/X¥o¶Â·¦±P«%×Ö;©¯D«3¥
Ø3°;¯D«	¥¦¥ ·¶D²2¢F¯N¨%¶N«(¨ ·o·o¶N¬¦»4¨5¦«5¥ª/j¹¯D¥o¤¢§9ª;¯N¨(¯\¬ ¶¹"¤«/¤¢±P½W¥ª%¢o·ª/¶N¬ ¨(¶D²
9Å\ÍÈüÅ	Í¶P·¥L¶D²2¥ª/
«/¤°%¥¢¦«/¶P·{¨%¤¥o©¤¥o¨M¹X¤¢oÂ¥ª/¤¢o³² ¶N¢oÂÁ%¢o¶9¨°/©¨=²¢o¶N¾g¥ª/ 8 ¿6·o¶N°%¢o©PÅ?Ä¶N¢¾5¯D¬¦¦­¦«%±5¯D«/¨.·°%£%¥¢F¯N©¤¥¦«%±
¥ª/Ëm¯D¾W ¶NµN¯D«/¨%{¢F¯D¥oL² ¢o¶N¾¥ª/{ÑÒª%¬ ¶N¢¦«/{¶N«/P§N¥ª/¤¢o ·S«/¶Â·Á;¯N©Ò² ¶N¢é%ê)éR§3ÑXÄÂá6¯D«/¨ 7 ¿X«/¤°%¥¢¦«/¶P·§
¹jª/¶P·o\¢F¯D¥oÂ ·j² ¶N°%«/¨.¥o¶+£Â«/¤±	¯D¥¦»4?SÉuÅ ± Å¦û5Ã9ÄQÞeÅ
ºª/(¢o·°%¬¦¥o·~²¢o¶N¾¥ª/®\¯D¬¦¬¦¦°%¾ ³À9ÁR¤¢¦¾+¤«	¥o·§LÃ9¡FÂ¸{§=Â¡Qùﬂù#¸=Î¯D«/¨QÂÄ\áe§ﬂ©¶N«/·¥¦¥°%¥o·U¥ª/
¥ª%¦¢o¨.·o¶N¬Ù¯D¢«/¤°%¥¢¦«/¶WÁ%¢o¶N£%¬ ¤¾Å?ºª/Â¾+¯N·o°%¢o¨M¢F¯D¥oÂ¦«=¥ª/\¯D¬¦¬¦¦°%¾ ³ÀÁR¤¢¦¾+¤«	¥o·{ ·j¯D¬¦¬ﬂ¯N©©¶N°%«3¥o¨
£	½(¥ª/Qé4é-«/¤°%¥¢¦«/¶P·§¬ ¯»3¦«%±W«/¶W·oÁ;¯N©1²â¶N¢¥ª/Â¬Ù¯D¢±4\³À9ÁR©¤¥o¨M©¶N«	¥¢¦£%°%¥ ¶N«O²¢o¶N¾ 7 ¿«/¤°%¥¢¦«/¶P·Å
ºª/e¦«/©¶N«/· ·¥o¤«/©¤½-¬¦ ·Q¦«B¥ª/~²â¯N©¤¥Â¥ª;¯D¥§¦«B¥ª/+Ã3°%«#§ 7 ¿U ·¥ª/e¶N«%¬¦½-©¶N«/©¤¦»N¯D£%¬ W·o¶N°%¢o©e¶D² 8 ¿Â§
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|νe〉 = cosθ |ν1〉+ sinθ |ν2〉
|νx〉 = −sinθ |ν1〉+ cosθ |ν2〉 . ÔûPÅ4Õ
¹jª/¤¢o
θ
 ·¥ª/Â¾W×À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|νe(−→x , t)〉 = cosθ |ν1〉 e−i (E1t−
−→p ·−→x ) + sinθ |ν2〉 e−i (E2t−
−→p ·−→x ).
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P (νe → νx;E, t) = |〈νµ|νe(t)〉|2 = sin22θ sin2 ∆m
2
4E
t
P (νe → νe;E, t) = |〈νe|νe(t)〉|2 = 1− sin22θ sin2∆m
2
4E
t.
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¯D¢o\¢o¤¬Ù¯D¥o¨.£3½ª?
p2 + m2 = (E − V )2 − V 2 ' E2 − 2E V, ÔûPÅ4Õ
«/¤±P¬ ©¤¥¦«%±5¥ª/~·¾5¯D¬¦¬2¥o¤¢¾ãâ 2
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M2vacuum =
1
2
[
m21 + m
2
2 0
0 m21 + m
2
2
]
+
1
2
∆m2
[
−cos2θ sin2θ
sin2θ cos2θ
]
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2
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2sin2θ
∆m2sin2θ m21 + m
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2 + ∆m
2cos2θ
]
.
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|νH〉 = cosθm |νe〉+ sinθm |νx〉
|νL〉 = −sinθm |νe〉+ cosθm |νx〉 . ÔûPÅ4Õ
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1
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2
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√
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2
∆m2
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√
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¹j¦¥ª-¯¬ ¶¹y¤«/¤¢±P½M¥ª%¢o·ª/¶N¬ ¨O¶D²jûPÅ þWÍÈüÅ/ºª/
νe
 ¨%¤«	¥×Ö;©¯D¥ ¶N«B ·j£;¯N·o¨O¶N«¥ª/m¨%¤¬Ù¯½4¨-©¶N¦«/©¤×É
¨%¤«/©\£R¤¥)¹X¤«ê + ¯D«/¨.¥ª/Å+Í-)ü γ
²¢o¶N¾ë¥ª/\«/¤°%¥¢o¶N«-©¯DÁ%¥°%¢o~¶N«.Á%¢o¶N¥o¶N«/·Å
¡¥X¥ª/Q¤«/¨=¶D²Õ§9¥ª/QËm¯D¾+ùﬂ¡QÄy©¶N¬¦¬Ù¯D£R¶N¢F¯D¥ ¶N«MÁ%°%£%¬¦ ·ª/¨5¥ª/1Ö/¢o·¥X¢o·°%¬¦¥o·^*¹jª/¤¢oQ¥ª/
¢F¯D¥ ¶£R¤¥)¹Ò¤«-¥ª/Â«	°%¾U£¤¢¶D²¶N£/·o¤¢»4¨
νe
¤»4¤«	¥o·¯D«/¨M¥ª/ÂÁ%¢o¨ ©¤¥o¨¶N«/\¦«O¯D£/·o¤«/©\¶D²S«/¤°%¥¢¦«/¶
¶P·o©¤¦¬¦¬Ù¯D¥ ¶N«/·1 ·{Ø	°;¯D¬ﬂ¥o¶?

ÑÒª;¯DÁ%¥o¤¢1û?MÃ9¶N¬Ù¯D¢1ÄQ¤°%¥¢¦«/¶P·¯D«/¨Ä¤°%¥¢¦«/¶(á·o©¤¦¬¦¬Ù¯D¥ ¶N«/·
Ó¦±P°%¢o.ûPÅ?ÂÍ-¯N·°%¢o¨
νe
¯D«/¨
νµ,τ
©¶N¾WÁR¶N«/¤«	¥o·U¶D²X·o¶N¬Ù¯D¢ 8 ¿«/¤°%¥¢¦«/¶Mú/°ÀO² ¢o¶N¾Ã9Ä\áeÅºª/WÄ\Ñ
¢o·°%¬¦¥UÔ£%¬¦°/m£;¯D«/¨;ÕX ·j¦«O¯D±P¢o¤¾+¤«	¥¹j¦¥ª¥ª/~Ã%Ã9Í Á%¢o¨ ©¤¥ ¶N«æÔ ¨/¯N·oª/¨M¬¦¦«/Õ­^)Å
Ó¦±P°%¢o:ûPÅd
O?O¡Q¬¦¬ ¶¹X¨¢o¤±P ¶N«/·5¦««/¤°%¥¢¦«/¶ﬀ¶P·o©¤¦¬¦¬Ù¯D¥ ¶N«"¾W×À9¦«%±ﬀÁ;¯D¢F¯D¾+¤¥o¤¢(·Á;¯N©O¯² ¥o¤¢+¥ª/-Ã9Ä\á
«/¤°%¥¢F¯D¬2©¤°%¢¢o¤«	¥j¢o·°%¬¦¥­^)§9©¶N¾~£%¦«%¦«%±W¥ª/Â·o¶N¬Ù¯D¢X«/¤°%¥¢¦«/¶¨/¯D¥F¯`)Åºª/mÑXùB©¶N«	¥o¶N°%¢o·1·ª/¶¹j«M¦«
¥ª/QÖ/±P°%¢o\¯D¢oÂý4ß=§%ý4ß=§/ýPý4ß=§%¯D«/¨.ýPýÅd
`4ßãÔ
σ
Õ³ÅLºª/1±P¬ ¶N£;¯D¬2£R·¥ÉâÖ/¥XÁ¶N¦«3¥X ·X¾5¯D¢µ4¨M£3½(¯e·¥F¯D¢
Pþ^)Å
^
ÑÒª;¯DÁ%¥o¤¢1û?=Ã9¶N¬Ù¯D¢1Ä¤°%¥¢¦«/¶P·Q¯D«/¨OÄQ¤°%¥¢¦«/¶(á·F©¤¦¬¦¬Ù¯D¥ ¶N«/·
Nobserved(νe)
Npredicted(νe)
=
258
365.2 ± 23.7 = 0.686 ± 0.044 (stat.) ± 0.045 (syst.)
ÔûPÅ
PÕ
¨%¤¾+¶N«/·¥¢F¯D¥¦«%±(¥ª/\¢o¯N©¤¥o¶N¢
νe
¨ ·F¯DÁ%ÁR¯D¢F¯D«/©U¯D¥1ýPýÅ ýPý4ßë©¶N«Ö;¨%¤«/©~¬ ¤»4¤¬ÒÔ Ó¦±P°%¢o+ûPÅ þ4Õ³Å
ºª/e¬Ù¯N·¥¢o·°%¬¦¥o·§¢o¤¬ ¯N·o¨¦«ﬂ^/§*²°%¢¥ª/¤¢\·°%Á%ÁR¶N¢¥Â¥ª/~«/¤°%¥¢¦«/¶.¶P·o©¤¦¬¦¬Ù¯D¥ ¶N«Ì¤»9 ¨%¤«/©PÅ\ºª/
¶N£/·o¤¢»4¨e¨ ·¥o¶N¢¥ ¶N«e¦«~¥ª/
νe
¤«/¤¢±P½~·oÁ©¤¥¢°%¾8¨ ·F¯D±P¢o·ﬂ¹j¦¥ªe¥ª/L³ÀÁR©¤¥o¨U·ÁR©¤¥¢F¯D¬3·oª;¯DÁu¦«U¥ª/
¯D£/·o¤«/©e¶D²?«/¤°%¥¢¦«/¶(¶P·F©¤¦¬¦¬Ù¯D¥ ¶N«B¯D¥¥ª/UýPýÅ ý4ß©¶N«Ö;¨%¤«/©e¬ ¤»4¤¬¹jª%¦¬ ¯D±P¢o·1¹j¦¥ª¥ª/e¨ ·¥o¶N¢¥ ¶N«
³ÀÁ©¤¥o¨M² ¢o¶N¾ë¥ª/
νe
¶P·o©¤¦¬¦¬Ù¯D¥ ¶N«O³Ê2©¤¥o·~Ô ·omÓ¦±P°%¢o+ûPÅ þ4Õ³Å
ºª/.Ëm¯D¾+ù#¡Ä¢o·°%¬¦¥o·ª;¯»4O¯D¬ ·o¶ª;¯N¨G¯-£%¦±Ì¦¾WÁ;¯N©¤¥+¶N«æ¥ª/.·F¶N¬Ù¯D¢e«/¤°%¥¢¦«/¶BÁ%ª3½9·o ©·+·¦«/©
¦¥Q³ÀÁ%¬ ¶N¢o·\¯W¢o¤±P ¶N«B¶D²?«/¤°%¥¢¦«/¶(¶P·F©¤¦¬¦¬Ù¯D¥ ¶N«Á;¯D¢F¯D¾+¤¥o¤¢o·WÔ
∆m2, tan2θ
Õ¹jª% ©oªÌ¶»4¤¢¬Ù¯DÁ/·¥ª/e·o¶N¬Ù¯D¢
«/¤°%¥¢¦«/¶O¶P·F©¤¦¬¦¬Ù¯D¥ ¶N«:Á;¯D¢F¯D¾+¤¥o¤¢U·Á;¯N©PÅ5¡Q·o·o°%¾W¦«%±.¥ª;¯D¥eÑXÐ?ºÝ·½9¾W¾+¤¥¢½ ·m·F¯D¥ ·Ö;¨2§ﬂ¥ª/W±P¬ ¶N£;¯D¬
¯D«;¯D¬¦½· ·µ
u¦«/©¤¬¦°/¨¦«%±-¯D¬¦¬u¥ª/·o¶N¬Ù¯D¢\«/¤°%¥¢¦«/¶¨/¯D¥F¯.¯D«/¨B¥ª/Ëm¯D¾+ù#¡ÄQg¢o·o°%¬¦¥o·ÂÁ%¢o¶»9 ¨%·\¾+¶N¢o
·¥¢¦«%±4¤«3¥Q¬¦¦¾W¦¥o·Â·ÁR©¤Ù¯D¬¦¬¦½.¦«
∆m2
¯N·Q·ª/¶¹j«O¦«BÓ¦±P°%¢o5ûPÅ ýÅ{ºª/eù#Í¡÷·o¶N¬¦°%¥ ¶N«O ·§*°%ÁO¥o¶(¨/¯D¥oP§
¥ª/m¶N«%¬¦½.¯D¬¦¬ ¶¹X¨O¢o¤±P ¶N«#§;¯D¥F
σ
§%¦«.¥ª/m¥ª/m·o¶N¬Ù¯D¢j«/¤°%¥¢¦«/¶5¶P·F©¤¦¬¦¬Ù¯D¥ ¶N«Á;¯D¢F¯D¾+¤¥o¤¢Q·Á;¯N©Pþr?
∆m2 = (8.2+0.3−0.3)× 10−5eV 2
ÔûPÅPþ4Õ
tan2θ = 0.39+0.05−0.04.
Ä§Å¹é=Å¹ú ÷$ÎÓvÏÕÉóîÜHÝËrÊﬂÐlÜRÒ=ÎÝBËuÐÏ8ÜHò1óﬃÜRÝBËrÓ]ÜRÐÕÎÉ
ÑÒª%¢o¶N«/¶N¬ ¶N±P ©¯D¬¦¬¦½4§S¥ª/WÖ/¢o·o¥~¤»3 ¨%¤«/©(¶D²j«/¤°%¥¢¦«/¶-¶P·o©¤¦¬¦¬Ù¯D¥ ¶N«/·U¹X¯N·m² ¶N°%«/¨ﬀ¹j¦¥ªæ¯D¥¾+¶P·Á%ª/¤¢ ©5«/¤°É
¥¢¦«/¶P·ÅÂ¡¥¾+¶P·Á%ª/¤¢ ©«/¤°%¥¢¦«/¶P·m¯D¢ ·o~² ¢o¶N¾ã¥ª/e¨%©¯½¶D²LÁ;¯D¢¥ ©¤¬ ·+ÔÁ%¢¦¾5¯D¢¦¬¦½OÁ% ¶N«/·§*¾U°/¶N«/·m¯D«/¨
µP¯N¶N«/· ÕSÁ%¢o¶9¨°/©¨+¦«(¥ª/1©¶N¬¦¬¦ · ¶N«=¶D²#ª%¦±Pª(¤«/¤¢±P½+©¶P·¾W ©1¢F¯½WÁ;¯D¢¥ ©¤¬ ·X¹j¦¥ª5¥ª/¯D¥¾+¶P·Á%ª/¤¢oPÅuºª/
¨%¶N¾W¦«;¯D«	¥QÁ%¢o¶3¨°/©¤¥ ¶N«-Á%¢o¶3©·F·j ·?
pi± → µ± + νµ(ν¯µ) ÔûPÅPý4Õ
²â¶N¬¦¬ ¶¹Ò¨O£	½@?
µ+ → e+ + ν¯µ + νe
µ− → e− + νµ + ν¯e ÔûPÅ B4Õ
ºª/Ò¾~°/¶N«e¥o¶1¤¬ ©¤¥¢o¶N«e«/¤°%¥¢¦«/¶¢F¯D¥ ¶1 ·ﬂ¥ª/¤«#§N¦«e¯Ö/¢o·o¥¯DÁ%Á%¢o¶À¦¾5¯D¥ ¶N«#§4³ÀÁ©¤¥o¨U¥o¶{£RÅºª/
¢F¯D¥ ¶U¦«/©¤¢o¯N·o·Ò·o¦«/©1¥ª/1Á%¢o¶N£;¯D£%¦¬¦¦¥)½5¥ª;¯D¥j¯\¾U°/¶N«.¨%¶3·Ò«/¶N¥Ò¨%©¯½+£³²â¶N¢o{¢o¯N©Fª%¦«%±¥ª/1±P¢o¶N°%«/¨( ·
ª%¦±Pª/¤¢j¯D¥X¤«/¤¢±P ·j¯D£R¶»41² ¤¹ûÂÈüÅ3ºª;¯D«%µ5¥o¶m¥ª/Ôâ¯D¬¦¾+¶P·¥ Õu¦«/¨%¤ÁR¤«/¨%¤«/©Â¶D²ﬂ¥ª/{Á%¢¦¾5¯D¢½(©¶P·¾W ©
¢F¯½eú/°À2§4¥ª/1°%«/©¤¢¥F¯D¦«	¥)½(¶N«+¥ª/{Á%¢o¨ ©¤¥o¨5¢F¯D¥ ¶m ·?¬ ¶¹Ò¤¢Ò¥ª;¯D«£4ß¤»4¤«(×²¥ª/1¥o¶N¥F¯D¬;«/¤°%¥¢¦«/¶\ú/°À
 ·jÁ%¢o¨ ©¤¥o¨O¹j¦¥ª-¯eÁ%¢o©¤ · ¶N«O¶D²4ß=Å
ºª/1¬Ù¯D¢±41©¶P·¾W ©1¢F¯½W£;¯N©oµ9±P¢o¶N°%«/¨M¶N«5¥ª/Q¸L¯D¢¥ª) ·Ò·o°%¢²â¯N©eÔ ∼  × û 2 ¾ −2 · −1 Õu¯D¥¾+¶P·oÁ%ª/¤¢ ©

ÑÒª;¯DÁ%¥o¤¢1û?MÃ9¶N¬Ù¯D¢1ÄQ¤°%¥¢¦«/¶P·¯D«/¨Ä¤°%¥¢¦«/¶(á·o©¤¦¬¦¬Ù¯D¥ ¶N«/·
Ó¦±P°%¢oMûPÅ þ?QÍ¯N·°%¢o¨¥o¶M³À9ÁR©¤¥o¨
νe
ú/°À-¢F¯D¥ ¶(² ¢o¶N¾ã¢o¯N©¤¥o¶N¢m³ÀÁR¤¢¦¾+¤«	¥o·+Ô¬ ³² ¥ Õ³Åmºª/·ª;¯N¨%¨
¢o¤±P ¶N«Ì©¶N¢¢o·ÁR¶N«/¨%·Â¥o¶(¥ª/ù#Í¡ÝÁ%¢o¨ ©¤¥ ¶N«ﬀ¯D¥mý4ßtÑÅ ù?Å*² ¢o¶N¾ã¥ª/e±P¬ ¶N£;¯D¬?¯D«;¯D¬¦½· ·Â¶D²Ò¥ª/·o¶N¬Ù¯D¢
«/¤°%¥¢¦«/¶¨/¯D¥F¯Åeºª/W¨%¶N¥¥o¨B¬¦¦«/ ·\¨%¤¢¦»4¨ﬀ¯N·o·°%¾W¦«%±
∆m2 = 5.5 · 10−5eV 2 ¯D«/¨ tan2θ = 0.42
^)Åuºª/\©¶N¾WÁ;¯D¢ ·o¶N«æÔ¢¦±Pª	¥ Õ£R¤¥)¹X¤«O¥ª/\³ÀÁ©¤¥o¨M¢o¯N©¤¥o¶N¢
νe
¤«/¤¢±P½M·ÁR©¤¥¢°%¾qÔ¥o¶NÁ*Õj¯D«/¨M¥ª/
¾+¯N·°%¢o¨·ÁR©¤¥¢°%¾ Ô£R¶N¥¥o¶N¾(Õjª%¦±Pª%¬¦¦±Pª3¥o·Â¥ª/~¤«/¤¢±P½O¨ ·o¥o¶N¢¥ ¶N«¨°/U¥o¶5¥ª/~«/¤°%¥¢¦«/¶M¶P·o©¤¦¬¦¬Ù¯D¥ ¶N«
³Ê2©¤¥)Å
Ó¦±P°%¢oOûPÅ ý?e¡1¬¦¬ ¶¹Ò¨ﬀ¢o¤±P ¶N«/·~¦««/¤°%¥¢¦«/¶O¶P·o©¤¦¬¦¬Ù¯D¥ ¶N«¾W×À9¦«%±-Á;¯D¢F¯D¾+¤¥o¤¢e·Á;¯N©5©¶N¾~£%¦«%¦«%±Ì·o¶N¬Ù¯D¢
³ÀÁ¤¢¦¾+¤«3¥¨/¯D¥F¯§Ëm¯D¾+ù#¡Ä¯D«/¨(¥ª/Q·o¶N¬Ù¯D¢Ò¬¦°%¾W¦«/¶P·¦¥)½=©¶N«/·¥¢F¯D¦«	¥mÔ ¸?ØOûPÅ¦ûþ4Õ³Åuºª/ÂÑXùÌ©¶N«3¥o¶N°%¢o·
·ª/¶¹j«^¦«^¥ª/Ö/±P°%¢o-¯D¢oý4ß=§{ý4ß=§{ýPý4ß=§{¯D«/¨"ýPýÅd
`4ß Ô
σ
Õ³Åºª/O±P¬ ¶N£;¯D¬1£R·¥ÉâÖ/¥5ÁR¶N¦«	¥o·=¯D¢o
¾5¯D¢µ4¨.£3½.¯·o¥F¯D¢
i)Å

ÑÒª;¯DÁ%¥o¤¢1û?=Ã9¶N¬Ù¯D¢1Ä¤°%¥¢¦«/¶P·Q¯D«/¨OÄQ¤°%¥¢¦«/¶(á·F©¤¦¬¦¬Ù¯D¥ ¶N«/·
«/¤°%¥¢¦«/¶P·O©¯D«£RÌ¨%¤¥o©¤¥o¨è¶N«%¬¦½ø£	½ø¨%¤Á°%«/¨%¤¢±P¢o¶N°%«/¨8³À9ÁR¤¢¦¾+¤«	¥o·§Â¶N£/·o¤¢»9¦«%±¥ª/Ì©Fª;¯D¢±4¨
©¤°%¢¢o¤«	¥Q¢o¯N©¤¥ ¶N«)?
ν (ν¯) + N → l± + X. ÔûPÅ /ûÕ
ºﬂ¹Ò¶Q¹X¯D¥o¤¢?ÑX¤¢o¤«%µ4¶»~¨%¤¥o©¤¥o¶N¢o·§PÆÇÍ¿QPý¯D«/¨~Ëm¯D¾W ¶NµP¯D«/¨% B)§¦«=ûýPý§N¶N£/·o¤¢»4¨m¥ª/Ò·¥¢o¶N«%±
·°%Á%Á%¢o·o·o ¶N«O¶D²
νµ
¤»4¤«	¥o·{¹j¦¥ªO¢o·Á©¤¥1¥o¶¥ª/
νe
¤»4¤«3¥o·?
R =
(
Φ(νµ)+Φ(ν¯µ)
Φ(νe)+Φ(ν¯e)
)
observed(
Φ(νµ)+Φ(ν¯µ)
Φ(νe)+Φ(ν¯e)
)
predicted
= 0.61 ± 0.03 (stat.) ± 0.05 (syst.) ÔûPÅ B4Õ
¹jª/¤¢o
Φ(νe,µ)
 ·j¥ª/\«3°%¾~£R¤¢Q¶D²u¤¬ ©¤¥¢o¶N«-¶N¢j¾U°/¶N«O¬¦¦µ4Â«/¤°%¥¢¦«/¶P·Å
ºª/=Ëm¯D¾W ¶NµN¯D«/¨%M±P¢o¶N°%Á#§S¦«øûýPý^/§?¯D¬ ·o¶·¥°/¨ ¨¥ª/=¯D«%±P°%¬Ù¯D¢W¨%¤ÁR¤«/¨%¤«/©=¶D²Q¥ª/5¢F¯D¥ ¶ /ûe)§
¯D«/¨M¯D±P¢o·L¹j¦¥ª.¯m¾+¶9¨%¤¬;¦«=¹jª% ©oªM¨%¶¹j«3¹X¯D¢o¨
νµ
 ·Lª;¯»4QÁ;¯D¥ª=¬ ¤«%±P¥ª/·Ò¥o¶3¶e·ª/¶N¢¥L¥o¶e¶P·o©¤¦¬¦¬Ù¯D¥oP§¯D«/¨
¥ª/U°%Á	¹X¯D¢o¨
νµ
 ·§¹jª% ©oªBª;¯»4e¥¢F¯»4¤¬¦¬ ¨²¢o¶N¾ã¥ª/U²â¯D¢Â· ¨%e¶D²?¥ª/e¸Ò¯D¢¥ª#§Rª;¯»4e£¤«B¨%¤Á%¬ ¤¥o¨B£	½
¶P·o©¤¦¬¦¬Ù¯D¥ ¶N«/·ÅMÆå«ﬀ©¶N«	¥¢F¯N·o¥~¥o¶.¥ª/5¾~°/¶N«¤»4¤«3¥o·§¥ª/5¯D«%±P°%¬Ù¯D¢¨%¤Á¤«/¨%¤«/©(¶D²¥ª/(¤¬ ©¤¥¢o¶N«¤»4¤«3¥o·
·°%±P±4·¥o·Ò¥ª;¯D¥
νe
¯D¢o1«/¶N¥j¯ÊR©¤¥o¨(£	½(¶P·o©¤¦¬¦¬Ù¯D¥ ¶N«/·Åuºª/Â¯D«%±P°%¬Ù¯D¢¨%¤ÁR¤«/¨%¤«/©\¯D¬ ¶N«/1¥ª/¤¢o³²â¶N¢oÂ·°%ÁÉ
ÁR¶N¢¥o·X¯D«=¦«	¥o¤¢Á%¢o¤¥F¯D¥ ¶N«.¦«=¥o¤¢¾+·¶D²
νµ
¨ · ¯DÁ%Á¯D¢F¯D«/©PÅ?ºª/Q¢o¤¬Ù¯D¥¦»4Q¬ ¶¹·¥F¯D¥ ·¥ ©·§3ª/¶¹X¤»4¤¢§%¨ ¨
«/¶N¥Q¯D¬¦¬ ¶¹è¥o¶+¨ ·o©¤¢¦¾W¦«;¯D¥o~£¤¥å¹Ò¤«
νµ ↔ ντ Ô νµ ¨ ·F¯DÁ%ÁR¯D¢F¯D«/©Õ{¯D«/¨ νµ ↔ νe Ô νe ¯DÁ%Á¯D¢F¯D«/©Õ³Å
Æå«U¥ª/Ò²â¶N¬¦¬ ¶¹j¦«%±\½4¯D¢o·§N¥ª/¯D¥¾+¶P·Á%ª/¤¢ ©«/¤°%¥¢¦«/¶m¯D«/¶N¾5¯D¬¦½U¢o©¤¦»4¨U¦¾WÁR¶N¢¥F¯D«	¥?©¶N«Ö/¢¾5¯D¥ ¶N«/·
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·¥F¯D¥ ·¥ ©·=¹¯D¥o¤¢-ÑX¤¢o¤«%µ4¶»ø¨%¤¥o©¤¥o¶N¢§ÂÃ3°%ÁR¤¢oËm¯D¾W ¶NµN¯D«/¨%P§±	¯D¥ª/¤¢¦«%±¨/¯D¥F¯ﬀ²â¶N¢(¾+¶N¢o¥ª;¯D«÷û
¨/¯½·§Ò¢o¯N©oª/¨^¥ª/·o¤«/·¦¥¦»9¦¥)½¥o¶BÁ%¢o©¤ ·o¤¬¦½GØ3°;¯D«	¥×² ½æ¥ª/-¯N·½3¾W¾+¤¥¢½æ¦«¥ª/.­¤«%¦¥ª6¯D«%±P¬ ﬂ )Å
ºª/
νµ ↔ νe ¶P·F©¤¦¬¦¬Ù¯D¥ ¶N«ª3½3ÁR¶N¥ª/· · ··¥¢o¶N«%±P¬¦½¨ ·²È¯»4¶N¢o¨B·¦«/©U¥ª/ νe ©¶N«	¥F¯D¦«/¨B¤»4¤«3¥o·+ÔÈÅ1PÅ
¤»4¤«	¥o·+¹jª/¶P·o=»4¤¢¥o³À ·e¦«¥ª/=¨%¤¥o©¤¥o¶N¢Ö;¨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∆m2atm = (2.6 ± 0.4)× 10−3eV 2
ÔûPÅ B4Õ
sin22θatm = 1
+0.00
−0.05
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 ¶4¯N©¤¥¦»4Q£;¯N©oµ9±P¢o¶N°%«/¨%·L¾5¯D«3½+¶N¢o¨%¤¢o·L¶D²R¾5¯D±P«%¦¥°/¨%1ª%¦±Pª/¤¢Ò¥ª;¯D«+¥ª/{·¦±P«;¯D¬*¥o¶m¨%¤¥o©¤¥Å
ºª/W¿¶N¢o³À9¦«/¶.³À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ÁR©¤¥o¨U¥o¶Á%¢o¶9¨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¯N·o·o¶OÄ¯D¥ ¶N«;¯D¬ùﬂ¯D£R¶N¢F¯D¥o¶N¢ ·
Ô ù#Ä>mÃ%Õ~¦«G©¤«	¥¢F¯D¬{Æå¥F¯D¬¦½4§u°%«/¨%¤¢¥ª/=Æå¥F¯D¬¦Ù¯D«G¡1ÁR¤«%«%¦«/·§L¯D¥+¯-¨%¤Á%¥ª¶D²Pþ-¾~¹XPÅﬀºª/=¾5¯D¦«
¦«/·¥¦¥°%¥ ¶N«/·¢o·ÁR¶N«/·¦£%¬ ~² ¶N¢¿X¶N¢o³À¦«/¶=©¶N¾+m² ¢o¶N¾ÎÆå¥F¯D¬¦½4§*ÞeÅ ÃÅ ¡eÅ¯D«/¨<Â¤¢¾5¯D«	½4§R£%°%¥Q¥ª/U©¶N¬¦¬Ù¯D£R¶DÉ
¢F¯D¥ ¶N«=¯D¬ ·F¶\¦«/©¤¬¦°/¨%·LÁR¶NÁ%¬ ² ¢o¶N¾ ¼1°/·o·Ù¯§4Ó%¢F¯D«/©P§O;Q°%«%±	¯D¢½4§3Ð¶N¬Ù¯D«/¨=¯D«/¨=Ñ¯D«;¯N¨/¯ÅuÆ)«+¥ª/Q¶N¢¦±P¦«;¯D¬
Á%¢o¶NÁR¶P·F¯D¬2£	½=¼~Å¼Q¯D±Pª;¯»N¯D«.¦«ÌûýPþ
9§%¿¶N¢o³À=¹X¶N°%¬ ¨M£\¯¨%¤¥o©¤¥o¶N¢²â¶N¢«/¤°%¥¢F¯D¬¯D«/¨M©oª;¯D¢±4¨©¤°%¢¢o¤«3¥
¦«	¥o¤¢F¯N©¤¥ ¶N«/·¶D² 8 ¿÷·o¶N¬Ù¯D¢m«/¤°%¥¢¦«/¶P·e¶N« 11 ¿«	°/©¤¬ ¤ÈÅ=ºª/+«;¯D¾+(¶D²X¥ª/5Á%¢o¶^©¤¥U¨%¤¢¦»4¨Ì² ¢o¶N¾¥ª/
°/·o+¶D²1¯.¿¶N¢o¶N«æ©¶N¾WÁ¶N°%«/¨2§¥¢¦¾+¤¥ª	½9¬¦£R¶N¢F¯D¥oP§?¯N·m¥ª/+¬¦ Ø3°% ¨:·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢Å.ºª/5¨%·¦±P«ﬀ² ¶N¢U¿X¶N¢o³À
¢oØ3°%¦¢o¨(¯\»4¤¢½W¬Ù¯D¢±4{Ö;¨°/©¤Ù¯D¬*¾5¯N·F·§	¶D²ﬂ¯D£R¶N°%¥Qû\¥o¶N«/·§3¯D«/¨5¿¶N¢o³À¦«/¶~¹¯N·LÁ%¬Ù¯D«%«/¨=¯N·X¯jå·¾5¯D¬¦¬×É
·o©¯D¬ pqeÁ%¢o¶N¥o¶N¥)½9ÁPÅ ;¶¹Ò¤»4¤¢§ﬂ¦¥\¹X¯N·\¢o¯D¬¦¦­¨:¥ª;¯D¥~¯N·Â¬ ¶N«%±O¯N·Â¥ª/¬ ¶¹Ý¤«/¤¢±P½£;¯N©oµ9±P¢o¶N°%«/¨:©¶N°%¬ ¨
£Rm¢o¨°/©¨2§¥ª/U·o¾5¯D¬¦¬ ¤¢Q¾5¯N·o·¶D²Ò¿¶N¢o³À¦«/¶5¹X¶N°%¬ ¨O£RU·o°Ú5©¤ ¤«	¥¥o¶(¨%¤¥o©¤¥¥ª/~¾+¶N¢oU¦«	¥o¤«/·F~ú/°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² ¢o¶N¾ 7 ¿«/¤°%¥¢¦«/¶P·Å?ºª/ 7 ¿Q«/¤°%¥¢¦«/¶W¨%¤¥o©¤¥ ¶N«¨ ¨=«/¶N¥¢oØ3°%¦¢oQ£R¶N¢o¶N«#§%·o¶U¥ª/Â·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢j¹¯N·
©oª;¯D«%±4¨:¥o¶MÁ/·o¤°/¨%¶3©¤°%¾+¤«/P§S¯D«/¨B¥ª/e²â¶3©¤°/·\¶D²X¥ª/W³À9ÁR¤¢¦¾+¤«	¥m£R©¯D¾+W¥ª/¢o¨°/©¤¥ ¶N«ﬀ¶D²j¯D¬¦¬u¥ª/
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ºª/OÑX¶N°%«3¥¦«%±:ºﬂ·¥+Ó;¯N©¤¦¬¦¦¥å½øÔÈÑXºjÓ?Õ³§?¯<ÉÈ¥o¶N«Á%¢o¶N¥o¶N¥)½9Á.¨%¤¥o©¤¥o¶N¢§Ò¹X¯N·£%°%¦¬¦¥5¯D«/¨¶NÁR¤¢F¯D¥o¨
¦«ﬂ¢F¯D«ﬀÃ¯N·o·o¶(¦«B¶N¢o¨%¤¢Â¥o¶(¥o·¥¥ª/U¾+¶P·o¥Â©¤¢°/©¤Ù¯D¬?¯N·ÁR©¤¥o·Â¶D²L¥ª/e¿X¶N¢o³À¦«/¶M¨%·¦±P«#§R¦«Á;¯D¢¥ ©¤°%¬Ù¯D¢
¥ª/M·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢W¢F¯N¨ ¶NÁ%°%¢¦¥å½æ² ¶N¢e¹jª% ©oªG¥ª/=¢oØ3°%¦¢o¨¬ ¤»4¤¬j¹¯N·W¶N¢o¨%¤¢o·W¶D²1¾5¯D±P«%¦¥°/¨%M£R¤¬ ¶¹g¥ª/
·o¤«/·¦¥¦»9¦¥)½B¶D²¥ª/¾+¤¥ª/¶3¨%·~¯»N¯D¦¬Ù¯D£%¬ =¯D¥\¥ª/¥¦¾+PÅ5áQ«:¥ª/£;¯N· ·m¶D²X¥ª/W¢o·°%¬¦¥o·Â² ¢o¶N¾ÑXºjÓ§R¥ª/
©¶N«/·¥¢°/©¤¥ ¶N«¶D²S¿¶N¢o³À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ÑÒª;¯DÁ%¥o¤¢?(ºª/m¿¶N¢o³À9¦«/¶+Â¤¥o©¤¥o¶N¢
Stainless Steel Water Tank
18m ∅
Stainless Steel
Sphere 13.7m ∅
2200 8" Thorn EMI PMTs
(1800 with light collectors
Water
Buffer
100 ton 
fiducial volume
Borexino Design
Pseudocumene
Buffer
Steel Shielding Plates
8m x 8m x 10cm and 4m x 4m x 4cm
Scintillator
Nylon Sphere
8.5m ∅
Holding Strings
200 outward-
pointing PMTs
Muon veto:
Nylon film
Rn barrier
   400 without light cones)
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¤«	¥ª;¯D¬¦Á3½. ·j£%¦±P±4¤¢{¥ª/¤«$BWµ4©¯D¬¹¾+¶N¬ÈÅ
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Distance z of the center of the krypton atom from one carbon wall  [Angstroem]
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¦«/¶5¹¯N·1Á%¢o¶NÁR¶P·o¨2§R¨¦¢o©¤¥Q¢F¯N¨ ¶NÁ%°%¢¦¥å½O¾+¯N·°%¢o¤¾+¤«3¥o·Â¦«·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢o·Â¹Ò¤¢oUÁR¶P·o·¦£%¬ 
¶N«%¬¦½²â¶N¢m·¾5¯D¬¦¬u·F¯D¾WÁ%¬ ·~¯D«/¨B¹j¦¥ª/¶N°%¥\¥ª/¢oØ3°%¦¢o¨Ì·o¤«/·¦¥¦»9¦¥)½-²â¶N¢¥ª/W·F¶N¬Ù¯D¢\«/¤°%¥¢¦«/¶.¨%¤¥o©¤¥ ¶N«#Å
ºª/~ÑX¶N°%«	¥¦«%±=ºﬂ·¥{Ó*¯N©¤¦¬¦¦¥)½ﬀÔÈÑXºjÓ?ÕÒ ·1¯e¿¶N¢o³À9¦«/¶+¨%¤¥o©¤¥o¶N¢1Á%¢o¶N¥o¶N¥)½9Ám¨%·o¦±P«/¨M¥o¶»4¤¢×²½M³À9ÁR¤¢É
¦¾+¤«	¥F¯D¬¦¬¦½=¥ª/Â¢oØ3°%¦¢o¨(Á%°%¢¦¥å½=¶D²¥ª/\¶N¢±	¯D«% ©Q¬¦ Ø3°% ¨.·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢Å?Ó%°%¢¥ª/¤¢¾+¶N¢oP§;·F¤»4¤¢F¯D¬R¿¶N¢o³À¦«/¶
¨%¤»9 ©·jª;¯»4\£R¤«.¥o·¥o¨O¯D«/¨.¶NÁ%¥¦¾W¦­¨O¦«.¥ª/UÑXºjÓ¨%¤¥o©¤¥o¶N¢ÅXÑXºjÓæ¹X¯N·Q·ÁR©¤×Ö;©¯D¬¦¬¦½(Á%¢o¶^©¤¥o¨
¥o¶+¯N©oª% ¤»4~¥ª/Â²â¶N¬¦¬ ¶¹j¦«%±5±4¶4¯D¬ ·i?
• ¾+¯N·°%¢o¤¾+¤«3¥.¶D²m¥ª/ 238 Þä¯D«/¨ 232 ºª"©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«ø¦«"¥ª/¬¦ Ø3°% ¨"·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢(¹j¦¥ª¯D«
°%Á%ÁR¤¢{¬¦¦¾W¦¥1¶D²À2û
−16 ±±]
• ¾+¯N·°%¢o¤¾+¤«3¥Q¶D²¥ª/\Ë nat ©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«¦«=¥ª/Â¬¦ Ø3°% ¨.·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢{¹j¦¥ªO¯D«.°%Á%Á¤¢j¬¦¦¾W¦¥{¶D²
û
−13 ±±]
• ¾+¯N·°%¢o¤¾+¤«3¥m¶D²?¥ª/ 14 Ñè©¶N«3¥F¯D¾W¦«;¯D¥ ¶N«Ì¦«-¥ª/U¬¦ Ø	°% ¨·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢¹j¦¥ªÌ¯D«°%Á%Á¤¢¬¦¦¾W¦¥¶D²
û
−18 ²â¶N¢{¥ª/Â¢o¤¬Ù¯D¥¦»4U©¶N«/©¤«	¥¢F¯D¥ ¶N« 14 Ñ  12 Ñ¯
• ¢F¯N¨ ¶4¯N©¤¥¦»9¦¥)½·o©¤¢o¤«%¦«%±(¶D²¥ª/m©¶N«/·o¥¢°/©¤¥ ¶N«O¾5¯D¥o¤¢Ù¯D¬ ·
• ¥o·¥Q¶D²¥ª/ÂÁ%°%¢×Ö;©¯D¥ ¶N«·½9·o¥o¤¾ ¶D²S·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢¯D«/¨.£%°Ê2¤¢jú/°% ¨%·
• ¨%¤¥o¤¢¾W¦«;¯D¥ ¶N«B¶D²¥ª/~·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢¶NÁ%¥ ©¯D¬#Á%¢o¶NÁ¤¢¥ ·A
• ¦¾WÁ%¬ ¤¾+¤«3¥F¯D¥ ¶N«M¶D²2©¤¬ ¯D«%¦«%±m¾+¤¥ª/¶9¨%·L¨°%¢¦«%±~©¶N«/·o¥¢°/©¤¥ ¶N«=¯D«/¨W¦«/·¥F¯D¬¦¬Ù¯D¥ ¶N«=¶D²¥ª/1¨%¤¥o©¤¥o¶N¢
¯D«/¨O¶D²¥ª/~¯D°À¦¬¦Ù¯D¢½=Á%¬Ù¯D«	¥o·Å
ºª/Â¬¦¦¾W¦¥o¨¨¦¾+¤«/· ¶N«/·1¶D²¥ª/~ÑXºjÓ¨%¶«/¶N¥1¯D¬¦¬ ¶¹è°/·¥o¶W¨%³Ö/«/U¯mÖ;¨°/©¤Ù¯D¬ﬂ»4¶N¬¦°%¾+m¶N¢¥o¶¾+¯N·°%¢o
¥ª/{¥o¶N¥F¯D¬¦«	¥o¤¢«;¯D¬2©¶N°%«3¥¦«%±e¢F¯D¥o¯D¥L¥ª/Q¬ ¤»4¤¬*¶D² 7 ¿{«/¤°%¥¢¦«/¶e¦«	¥o¤¢F¯N©¤¥ ¶N«/·mÔÅ~©¶N°%«	¥o·%D¨/¯½¥o¶N«*Õ³Å
Ä¤»4¤¢¥ª/¤¬ ·o·§%¨°%¢¦«%±+¥ª/Â¢°%«%«%¦«%±5¶D²?ÑXºjÓæ¹Òm¨%¤»4¤¬ ¶NÁR¨O¯D«;¯D¬¦½· ·¥o©oª%«% Ø3°/·{¥o¶W·¥°/¨½(¥ª/Â¥o¶N¥F¯D¬
£;¯N©oµ9±P¢o¶N°%«/¨6¢F¯D¥oP§j¶»4¤¢o©¶N¾W¦«%±^¯N·5¾~°/©oªè¯N·(Á¶P·F·¦£%¬ .¥ª/-¬Ù¯N©oµ¶D²U¯BÖ;¨°/©¤Ù¯D¬»4¶N¬¦°%¾+¨%³Ö/«%¦¥ ¶N«#Å
¸SÀÁ%¬ ¶N¦¥¦«%±¥ª/Q·Á;¯D¥Ù¯D¬¢o©¶N«/·¥¢°/©¤¥ ¶N«.¶D²#¥ª/¤»4¤«	¥o·§9¥ª/·oQ¥o©oª%«% Ø3°/·{¯D¬¦¬ ¶¹X¨(¥ª/©¶N¬¦¬Ù¯D£R¶N¢F¯D¥ ¶N«
¥o¶Á%°/·ª¥ª/eÑXºjÓæ·F¤«/·¦¥¦»3¦¥å½M¥o¶.û¥¦¾+·j¥ª/\«/¤°%¥¢¦«/¶5¦«	¥o¤¢F¯N©¤¥ ¶N«O¢F¯D¥oPÅ
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Å¾W¾Ý¥ª% ©FµW«	½9¬ ¶N«+»4·o·o¤¬ﬂÔ ∼ ûj¾à¢F¯N¨¦°/· Õ³ÅSºª/{·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢
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ÅÆå¥L¨%·o©¤¢¦£R·?¥ª/1Á%¢o¶N£;¯D£%¦¬¦¦¥)½+¥ª;¯D¥¯\Á%ª/¶N¥o¶N«M¨%¤¥o©¤¥o¨
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¦«;¯D¥o·eÔ
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°%¢¦«%±=¥ª/ÑXºjÓÉFûe©¯D¾WÁ;¯D¦±P«#§*¥ª/e¨%¤¥o©¤¥o¶N¢Â¹X¯N·©¯D¬¦¦£%¢F¯D¥o¨¹j¦¥ªB¯+¢F¯N¨%¶N«·o¶N°%¢o©UÁR¶P·¦¥ ¶N«/¨
¦«¥ª/U©¤«3¥o¤¢¶D²L¥ª/~»4·o·o¤¬ÈÅQºª% ·Q¹¯N·°/·o³²°%¬¥o¶5¥°%«/UÁ;¯D¢F¯D¾+¤¥o¤¢o·\¶D²?¥ª/U¢o©¶N«/·¥¢°/©¤¥ ¶N«Ì·°/©oªÌ¯N·
¥ª/~³Ê2©¤¥¦»4U¦«/¨%³À.¶D²?¢o³² ¢F¯N©¤¥ ¶N«
neff
§¯D«/¨O¥o¶W¥o·o¥1¥ª/mÁR¤¢²â¶N¢¾5¯D«/©U¶D²u¥ª/m¢o©¶N«/·o¥¢°/©¤¥ ¶N«B©¶9¨%
¦¥o·o¤¬×²?~¥ª/=¨×Ê2¤¢o¤«/©5£R¤¥)¹X¤«¥ª/5«/¶N¾W¦«;¯D¬¯D«/¨¥ª/+¢o©¶N«/·¥¢°/©¤¥o¨æÁR¶P·¦¥ ¶N«ﬀ¹¯N·m²â¶N°%«/¨ﬀ¹j¦¥ª
¯D«O¤¢¢o¶N¢¶D²=W©¤¾ÅÒºª/m¢o·o¶N¬¦°%¥ ¶N«¨%©¤¢o¯N·o·{¹jª/¤«-¥ª/m¤»4¤«	¥¶3©©¤°%¢o·{²°%¢¥ª/¤¢{²¢o¶N¾ ¥ª/m±4¶N¾+¤¥¢ ©
©¤«	¥o¤¢Â¯D«/¨=² ¶N¢1¦«/©¤¢o¯N·¦«%±5¤«/¤¢±P ·Å
çÂu« 14  h{nQv*1stlonev*loh1n h{z-v*ced x;lonQv*looojv*hji
14 Ñ6 ·¯¬ ¶N«%±NÉÈ¬¦¦»4¨O¢F¯N¨ ¶4¯N©¤¥¦»4U ·o¶N¥o¶NÁRm¶D²?©¯D¢£¶N«Ô τ1/2∼

`½4¯D¢o· Õ³ÅÆå¥{ ·{Á%¢o¶9¨°/©¨£3½M©¶P·o¾W ©
¢F¯½·S¦«W¥ª/j¯D¥¾+¶P·Á%ª/¤¢oj¥ª%¢o¶N°%±PªW¥ª/¢o¯N©¤¥ ¶N« 14 ÄÔ«#§ Á*Õ 14 ÑÅPÆ)«¬¦¦»9¦«%±Â¾5¯D¥o¤¢Ù¯D¬È§4¥ª/ 12 Ñﬃ 14 Ñﬀ¢F¯D¥ ¶
 ·Â¯D£¶N°%¥Wû
−12 Å\áQ¦¬ ·¯D«/¨ÁR¤¥¢o¶N¬ ¤°%¾§;² ¢o¶N¾ã¹jª% ©oªÌÁ/·o¤°/¨%¶9©¤°%¾+¤«/e ·Q·½9«	¥ª/·o¦­¨2§#¯D¢oU³À¥¢F¯N©¤¥o¨
² ¢o¶N¾t¨%¤ÁB°%«/¨%¤¢±P¢o¶N°%«/¨Ì¹jª% ©Fª:¶DÊR¤¢o·\¯(«;¯D¥°%¢F¯D¬?·ª% ¤¬ ¨¦«%±O¯D±	¯D¦«/·¥\©¶P·¾W ©e¢F¯½9·Å~ºª/U¢F¯D¥ ¶=¥ª3°/·
¨%©¤¢o¯N·o·M£3½vÉuæ¶N¢o¨%¤¢o·=¶D²U¾5¯D±P«%¦¥°/¨%PÅ_;Q¶¹Ò¤»4¤¢§¥ª/ 14 Ñë ·=Á%¢o·o¤«3¥=¦«ø¥ª/Á/·o¤°/¨%¶9©¤°%¾+¤«/
¾+¶N¬ ©¤°%¬ U¯D«/¨M¦¥Q©¯D««/¶N¥j£Â¢o¤¾+¶»4¨¹j¦¥ª-¯D«3½MÁ%°%¢×Ö;©¯D¥ ¶N«O¥o©oª%«% Ø3°/PÅ
14 Ñ β
É)¨%©¯½9·=¹j¦¥ªø¯ﬀ1ÉÈ»P¯D¬¦°/O¶D² ∼ û:µ4ÈüÅLÆå«^¿¶N¢o³À9¦«/¶%§{¯N·M¯D¬¦¢o¯N¨½G¾+¤«	¥ ¶N«/¨2§1¯ 14 Ñ
©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«. ·j¯N¨¾W ·o·o¦£%¬ 1×²#¥ª/Q¢F¯D¥ ¶ 14 Ñﬃ 12 Ñ¢F¯D¥ ¶U ·Ò¶D²#¥ª/¶N¢o¨%¤¢j¶D²#¾5¯D±P«%¦¥°/¨%¶D²Lû −18 ¶N¢
¬ ·o·Å
ºª/ 14 Ñ¯D¾+¶N°%«	¥L¹¯N·?¾+¯N·°%¢o¨5¹j¦¥ª=ÑXºjÓB¦«5¨×Ê2¤¢o¤«	¥X·F¯D¾WÁ%¬ ·?¥F¯Dµ4¤«5¨°%¢¦«%±U¥ª/{·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢
¨%¤¬¦¦»4¤¢½ø©¯D¾WÁ;¯D¦±P«#Åëº¯D£%¬ bÅ·ª/¶¹{·.¥ª/:¯D¾+¶N°%«	¥-¶D²ÐÒÑÎ¦«3¥¢o¶3¨°/©¨è¦«¥ª/B»4·o·o¤¬m¯D«/¨ø¥ª/
©¶N¢¢o·ÁR¶N«/¨%¤«	¥Q¾5¯N·o·{¶D²u·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢Q¢o¤¾+¶»4¨2Å
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 ·X¾+¯N·°%¢o¨=£	½5Ö/¥¥¦«%±e¥ª/¤«/¤¢±P½(·oÁ©¤¥¢°%¾g¹j¦¥ª.¯~¥ª/¶N¢o¤¥ ©¯D¬R² °%«/©³É
¥ ¶N«#Å?ºª/\¥ª/¶N¢o¤¥ ©¯D¬ 14 Ñ"£¤¥F¯·oÁ©¤¥¢°%¾  ý^# ·{¨%³Ö/«/¨.£	½@?
þ

ÑÒª;¯DÁ%¥o¤¢?(¡1«;¯D¬¦½· ·{¶D²S¥ª/UÑXºjÓÉuW¨/¯D¥F¯
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¯D¾WÁ%¬  ¼1°%« Ã9©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢ ÐÒÑ ÐLÐÒá
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`  ûþ  BPþ ûPÅ
º¯D£%¬ £Å?\°%¢¦«%±¥ª/ 14 Ñ¥o·¥o·m·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢~ ·m¢o¤¾+¶»4¨:¹jª%¦¬ 5ÐÒÑ8 ·~¯N¨%¨%¨2Å+ºª/+¦«%¦¥Ù¯D¬L·o©¤¦«É
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Æå«:¶N¢o¨%¤¢~¥o¶M¥F¯Dµ45¦«	¥o¶O¯N©©¶N°%«3¥~¥ª/W«/¶N«: ¨%¯D¬¦¦¥å½:¶D²X¥ª/5¨%¤¥o©¤¥o¶N¢§ﬂ¥ª/+¤«/¤¢±P½B¢o·o¶N¬¦°%¥ ¶N«ª;¯N·
¥o¶-£5¦«/©¤¬¦°/¨%¨¦«æ¥ª/(¾+¶3¨%¤¬X£	½¯-©¶N«	»4¶N¬¦°%¥ ¶N«#ÅÌÍ¶N¢o¶»4¤¢¥ª/(¥ª/¶N¢o¤¥ ©¯D¬{·ÁR©¤¥¢°%¾¾U°/·¥U£R
©¶N«	»4¤¢¥o¨"² ¢o¶N¾ ¤«/¤¢±P½¥o¶ﬀ¥ª/O©¶N¢¢o·ÁR¶N«/¨%¤«	¥M«3°%¾~£R¤¢=¶D²mÁ%ª/¶N¥o¶9¤¬ ©¤¥¢o¶N«/·ÌÔZ!2ÕW°/·¦«%±ﬀ¥ª/·o©¯D¬ 
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þPþ
ÑÒª;¯DÁ%¥o¤¢?(¡1«;¯D¬¦½· ·{¶D²S¥ª/~ÑXºjÓÉuW¨/¯D¥F¯
Ó¦±P°%¢oÅ? Ó¦¥{¶D²S¥ª/ 14 Ñ6¤«/¤¢±P½.·ÁR©¤¥¢°%¾Å
¹jª/¤¢o\¥ª/m¤«/¤¢±P½M¢o·o¶N¬¦°%¥ ¶N«O ·?
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Å¦ûPûÕ
ºª/m©¶N¢¢o©¤¥ ¶N«O²â¯N©¤¥o¶N¢ﬁ²{¥F¯Dµ4·{¦«3¥o¶(¯N©©¶N°%«	¥Q¥ª/\¢o¤¬Ù¯D¥¦»4m»P¯D¢Ù¯D«/©P§*¯D¾+¶N«%±=¯D¬¦¬#¥ª/mÐ?Íº> ·§/¶D²S¥ª/
·¦«%±P¬ mÐLÍ-ºø±	¯D¦«Ô © ∼ ûPÅ^$ ý^Õ³Å?ºª/Â«/¶N¢¾5¯D¬¦¦­¯D¥ ¶N«B¶D²¥ª/Â² °%«/©¤¥ ¶N« ·{¤»P¯D¬¦°;¯D¥o¨.«3°%¾+¤¢ ©¯D¬¦¬¦½4Å
ºª/Ö/¥?²°%«/©¤¥ ¶N«-ÔÅ ý4ÕS¥F¯Dµ4·?¦«	¥o¶U¯N©©¶N°%«	¥Ò¶N«%¬¦½¥ª/ 14 Ñæ©¶N«3¥F¯D¾W¦«;¯D¥ ¶N«#ÅXáQ¥ª/¤¢L©¶N«3¥F¯D¾W¦«;¯D«	¥o·§
¬¦¦µ4 210 Ðu£#§;©¶N«	¥¢¦£%°%¥o~¶N«%¬¦½¯U²â¤¹Á¤¢o©¤«3¥1¥o¶¥ª/\¬ ¶¹y¤«/¤¢±P½.·ÁR©¤¥¢°%¾qÔeÉ1ûµ4ÈümÕ³Å
¡·F©¶N«/¨e·o½9·¥o¤¾5¯D¥ ©·u¯D¢ ·o·² ¢o¶N¾¥ª/ÒØ3°/¤«/©oª%¦«%±m³Ê2©¤¥S¹jª% ©oªW¦«/¨°/©·u¯Q«/¶N«ÉÈ¬¦¦«/¯D¢?¨ ·¥o¶N¢¥ ¶N«
¶D²j¥ª/+¥ª/¶N¢o¤¥ ©¯D¬·ª;¯DÁRPÅMÃ3°/©Fªæ¯D«³Ê2©¤¥m¦¾WÁ%¬¦ ·¯D«·¥¦¾5¯D¥o¨æ¯»4¤¢F¯D±4(¬ ¶P·o·~¶D²j¥ª/W¬¦¦±Pª3¥U½9 ¤¬ ¨
¶D²u¶N«%¬¦½M¯U²â¤¹èÁ%ª/¶N¥o¶9¤¬ ©¤¥¢o¶N«/·{ÁR¤¢{Í-)üeÅ/Í¶N¢o¶»4¤¢1¥ª/m·ª;¯DÁR\¨ ·¥o¶N¢¥ ¶N« ·jÁ;¯D¢¥Ù¯D¬¦¬¦½¯D£/·o¶N¢£R¨.¦«
¥ª/jÖ/¥Ò£	½W¬ ¤¥¥¦«%±e¥ª/1¬¦¦±Pª3¥Ò½9 ¤¬ ¨


£RQ¯² ¢o{Á;¯D¢F¯D¾+¤¥o¤¢mÔ Ó¦±P°%¢o	Å4Õ³ÅLÃ3°/©Fª=·½·¥o¤¾5¯D¥ ©·X¨%¶3·L«/¶N¥
·¦±P«%×Ö;©¯D«3¥¬¦½O¯ÊR©¤¥j¥ª/ 14 Ñø¯N©¤¥¦»9¦¥)½.¤»P¯D¬¦°;¯D¥ ¶N«#Å
ù#¤¥
N14C
¯D«/¨
τ14C
£RM¥ª/.¥o¶N¥F¯D¬1«3°%¾~£R¤¢(¶D² 14 Ñg¯D¥o¶N¾+·+¦«¥ª/ÑXºjÓ1:·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢M¯D«/¨G¦¥o·
¬¦×²â¤¥¦¾+\¢o·ÁR©¤¥¦»4¤¬¦½4Å?ºª/ 14 Ñﬃ 12 Ñ"¾5¯N·o·j¢F¯D¥ ¶£Ù ·j±P¦»4¤«£	½< ýPý^r?
þPý
ÑÒª;¯DÁ%¥o¤¢?(¡1«;¯D¬¦½· ·{¶D²S¥ª/UÑXºjÓÉuW¨/¯D¥F¯
Ã¯D¾WÁ%¬  14 Ñﬃ 12 ÑÔû −18 Õ
û ûPÅ ± Åû
 ûPÅ þPý ± Å

 /Å ý ± ÅPþ
 Å¦ûPû ± ÅPþ
º¯D£%¬ ﬁÅ?LÍ-¯N·°%¢o¨ 14 Ñ©¶N«/©¤«	¥¢F¯D¥ ¶N«¦«¯N©oªO¨%¤¬¦¦»4¤¢o¨O£;¯D¥o©oª#Å
Time (d/m/y)
14/12/01 13/01/02 12/02/02 14/03/02 13/04/02 13/05/02 12/06/02 12/07/02
C1
4 
ev
en
ts
 p
er
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ay
60
70
80
90
100
110
120
130
310× Entries
C14 events    
Period Bars
Column 
WE Period 
Mixing 
PMT Off 
New PC 
Shroud Adj. 
Laser Calib. 
Electr.Adj. 
Ó¦±P°%¢oÅ H? 14 Ñ6¯N©¤¥¦»3¦¥å½+² ¢o¶N¾ ¤«/¤¢±P½+Ö/¥Åuºª/\·ÁR©¤¥¢°%¾g ·XÖ/¥¥o¨.¨/¯½5ÁR¤¢j¨/¯½M¯DÁ%Á%¬¦½3¦«%±5¯ Åe¾
¢F¯N¨Ù¯D¬S©¤°%¥Q¦«¥ª/m¢F¯D«%±4 WÉÂû+Á%ª/¶N¥o¶9¤¬ ©¤¥¢o¶N«/·Åºª/~¢o¨-»4¤¢¥ ©¯D¬S¬¦¦«/·1 ¨%¤«3¥×²½O¥ª/ 14 Ñ¥o·¥o·Å
ºª/\¢o·°%¬¦¥o·Q¯D¢o\«/¶N¢¾5¯D¬¦¦­¨¥o¶¥ª/\¹jª/¶N¬ ~¨%¤¥o©¤¥o¶N¢1¾5¯N·o·1¯D«/¨M¥o¶+¥ª/\¥o¶N¥F¯D¬ﬂ¤«/¤¢±P½M·Á©¤¥¢°%¾Å
R
(14C
12C
)
=
N14C
N12C
=
40
3
(
τ14C
mIV NA
)
A14C
ÔÅ¦û4Õ
¹jª/¤¢oﬁß
A
 ·{¡»4¶N±	¯N¨¢o¶ ·{«3°%¾~£R¤¢¯D«/¨.¾
IV
 ·j¥ª/\¾5¯N·o·{¶D²uÐÒÑ6¦«.¥ª/eÑXºjÓﬂÉuW¦«%«/¤¢{»4·o·o¤¬ÈÅ
ºª/¾+¯N·°%¢o¤¾+¤«3¥o·U¯D«/¨¢o·°%¬¦¥o·²â¶N¢Â¥ª/»N¯D¢ ¶N°/·ÂÁ/·o¤°/¨%¶9©¤°%¾+¤«/£;¯D¥o©oª/·e¯D¢o·°%¾W¾5¯D¢¦­¨Ì¦«
º¯D£%¬ AÅ§/¯D«/¨.¥ª/ 14 Ñ6©¶N«3¥o¤«	¥¯D¢om¢o¤Á¶N¢¥o¨M²â¶N¢{¯N©oª-¢°%«.¦«OÓ¦±P°%¢oÅ /Å
ºª/{Ö/¢o·¥?¥)¹X¶~£;¯D¥o©Fª/·Lª;¯»4Q¯ 14 Ñ¯N©¤¥¦»3¦¥å½+©¶N«/· ·¥o¤«	¥Ò¹j¦¥ª5¥ª/{¶N«/1¾+¯N·°%¢o¨+¦«MÑXºjÓﬂÉFûeÔûPÅ ý^
± ÅPý(Àû −18  þPþ^Õ1¹jª%¦¬ U¥ª/e¬Ù¯N·¥Â¥å¹Ò¶.·ª/¶¹÷¯=©¶N«3¥F¯D¾W¦«;¯D¥ ¶N«ﬀ¬Ù¯D¢±4¤¢Â£	½B¯+²È¯N©¤¥o¶N¢ ∼ ÅÅ~ºª/
¯N©oª% ¤»4¨O¢o·°%¬¦¥o·1¯D¢om·o¥¦¬¦¬2¹j¦¥ª%¦«O¥ª/\¿¶N¢o³À9¦«/¶5·Á©¤×Ö;©¯D¥ ¶N«#Å
ý
ÑÒª;¯DÁ%¥o¤¢?(¡1«;¯D¬¦½· ·{¶D²S¥ª/~ÑXºjÓÉuW¨/¯D¥F¯
çÂr¶ p:nedSijò{ol¬eiRv*loh{nçz¤iRh1s v*cUd 14  x;r(duﬂv;iR}es
Ó/¶N¢L· ¯² ¤¥å½e¢o¯N·F¶N«/·§	¨°%¢¦«%±U¥ª/QÑXºjÓÉu\©¯D¾WÁ;¯D¦±P«#§	¥ª/¤¢o1ª;¯N·?«/¶N¥?£R¤«+¥ª/jÁR¶P·o·¦£%¦¬¦¦¥å½¥o¶\©¯D¬¦¦£%¢F¯D¥o
¥ª/¨%¤¥o©¤¥o¶N¢=£3½^¨%¤Á%¬ ¶½9¦«%±Gµ9«/¶¹j«ø·o¶N°%¢o©·Å8ºª/¤«/¤¢±P½"©¯D¬¦¦£%¢F¯D¥ ¶N«¹X¯N·=¥ª	°/·=ÁR¤¢² ¶N¢¾+¨6£	½
³ÀÁ%¬ ¶N¦¥¦«%±ﬀ¥ª/¾+¶P·o¥(¯D£%°%«/¨/¯D«	¥.©¶N«	¥F¯D¾W¦«;¯D«3¥o·MÁ%¢o·o¤«	¥(¦«^¥ª/·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢Å¡Q¾+¶N«%±ﬀ¥ª/¤¾§ 14 Ñ
² °%¬×Ö/¬¦¬ ·U¥ª/(¾5¯D¦«æ¢oØ	°%¦¢o¤¾+¤«3¥o·?+¦¥eª;¯N·e¯Oª%¦±PªG¯N©¤¥¦»3¦¥å½4§u¦¥U ·e¯N·½Ì¥o¶-£5¥F¯D±P±4¨G¯D«/¨ﬀ¥ª/=¶N¥ª/¤¢
©¶N«	¥F¯D¾W¦«;¯D«3¥o·L¦«¥ª/j·F¯D¾+¤«/¤¢±P½e¢o¤±P ¶N«5¯D¢o«/¤±P¬¦¦±P¦£%¬ PÅ?áQ«W¥ª/j¶N¥ª/¤¢uª;¯D«/¨2§P¥ª/¨%¤¥o©¤¥o¶N¢?¥¢¦±P±4¤¢
¦¾WÁR¶P·o·\¯W¬ ¶¹÷¤«/¤¢±P½©¤°%¥Q£R©¯D°/·oe¶D²?¥ª/U¢F¯D¥oU£R¤¦«%±(¥o¶9¶5ª%¦±Pª#§R·o¶(¥ª;¯D¥¥ª/U¬ ¶¹Ò¤¢Â¢o¤±P ¶N«Ì¶D²?¥ª/
¤«/¤¢±P½.·ÁR©¤¥¢°%¾  ·j¬ ¶P·¥ÅuÍ¶N¢o¶»4¤¢§¯N·1¯D¬¦¢o¯N¨½M¾+¤«	¥ ¶N«/¨2§R¯e¬Ù¯D¢±4\°%«/©¤¢¥F¯D¦«	¥å½O¶N«O¤«/¤¢±P½.·o©¯D¬ 
¯D¢ ·o·Ò² ¢o¶N¾ ¥ª/ÂØ3°/¤«/©oª%¦«%±W¶D²
β
Á;¯D¢¥ ©¤¬ P§¹jª% ©oª. ·X·¾5¯D¬¦¬2©¶N¾WÁ;¯D¢o¨(¥o¶e¥ª/
α
Á;¯D¢¥ ©¤¬ ·§9£%°%¥ ·Ò«/¶N¥
«/¤±P¬¦¦±P¦£%¬ PÅ
ºª/¤¢o³²â¶N¢oP§u¥ª/M¿X¦¢µ9·U¾+¶3¨%¤¬XÁ;¯D¢F¯D¾+¤¥¢¦­·W¥ª/=Ø	°/¤«/©Fª%¦«%±:³ÊR©¤¥e£	½ﬀ¥ª/=¤¾WÁ%¦¢ ©¯D¬X² °%«/©¤¥ ¶N«
%§2ûr?
Q (E) =
∫ E
0
dt
1 + kB dEdt (t)
ÔÅ¦û4Õ
¹jª/¤¢om¨%¸D¨ ·j¥ª/~¿X¤¥ª/³É)¿X¬ ¶9©oªØ	°;¯D¥ ¶N«.²â¶N¢
β
Á;¯D¢¥ ©¤¬ ·¦ûû©l?
−dE
dt
= 2piNar
2
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2ρ
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[
ln
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2(I/mec
2)2
+ G (τ)− δ − 2Cs
Z
]
ÔÅ¦ûe3Õ
¹j¦¥ª
G (τ) = 1− β2 +
τ2
8 − (2re + 1) ln2
(t + 1)2
,
ÔÅ¦û4Õ
τ
 ·U¥ª/=µ9¦«/¤¥ ©M¤«/¤¢±P½ﬀ¦«æ°%«%¦¥o·W¶D²1¾
e
© 2 §ÒÑ
s
¯D«/¨
δ
¥ª/=·ª/¤¬¦¬{¯D«/¨æ¥ª/(¨%¤«/·o¦¥)½©¶N¢¢o©¤¥ ¶N«#§
¢o·ÁR©¤¥¦»4¤¬¦½4Å
ºª/ÂØ3°/¤«/©oª%¦«%±² °%«/©¤¥ ¶N«
å
ÕæWÔÅ¦û4ÕÒ¨%¶9·X«/¶N¥j¯N©¤¥¶N«M¥ª/1¥ª/¶N¢o¤¥ ©¯D¬#·oÁ©¤¥¢°%¾g£%°%¥¶N«%¬¦½(¶N«
¥ª/m¤«/¤¢±P½=¢o·ÁR¶N«/·om¶D²S¥ª/\¨%¤¥o©¤¥o¶N¢ÅLºª/m©¶N«3»4¶N¬¦°%¥ ¶N«æÔÅ ý4ÕX¥ª3°/·{£R©¶N¾+·?
C (n) =
∫ +∞
−∞
dN
dE
(E) g (n,Q(E), S) dE
ÔÅ¦û4Õ
¹j¦¥ª
g (n,Q(E), S) =
e−
(Q(E)−nS )
2
2σ2√
2piσ
ÔÅ¦ûi
PÕ
¹jª/¤¢oµ! ·j¥ª/\«3°%¾~£R¤¢Q¶D²SÁ%ª/¶N¥o¶3¤¬ ©¤¥¢o¶N«/·§


¥ª/\¬¦¦±Pª3¥{½9 ¤¬ ¨O¯D«/¨
σ
 ·{¨%³Ö/«/¨.¦«O¸LØ£Å¦ûPûPÅ
ºª/m¨ ·o¥o¶N¢¥¦«%±5³ÊR©¤¥1 ·{·ª/¶¹j«O¦«Ó¦±P°%¢oﬁÅÅ
ºª/Ö/¥U¶D²X¥ª/W¤«/¤¢±P½Ì·ÁR©¤¥¢°%¾ª;¯N·m·o©¶N«/¨/¯D¢½B¾W¦«%¦¾5¯M×²£R¶N¥ª


¯D«/¨Á

¯D¢o5¯N·F·°%¾+¨:¯N·
² ¢oUÁ;¯D¢F¯D¾+¤¥o¤¢o·Å~Æå¥Q ·Â¥ª3°/·Â¦¾WÁ¶P·o·o¦£%¬ U¥o¶M¤»P¯D¬¦°;¯D¥o·¦¾~°%¬¦¥F¯D«/¶N°/·¬¦½² ¢o¶N¾Î¥ª/eÖ/¥Â¥ª/e¬¦¦±Pª	¥\½9 ¤¬ ¨
ýû
ÑÒª;¯DÁ%¥o¤¢?(¡1«;¯D¬¦½· ·{¶D²S¥ª/UÑXºjÓÉuW¨/¯D¥F¯
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10 20 30 40 50 60 70 80
photoelectrons
Ó¦±P°%¢oÅ?uºª/¶N¢o¤¥ ©¯D¬ 14 Ñ^¤«/¤¢±P½5·ÁR©¤¥¢°%¾ ¨ ·o¥o¶N¢¥o¨5£3½+¥ª/QØ3°/¤«/©oª%¦«%±W³Ê2©¤¥L²â¶N¢Lµ¿vÅ
Ô£%¬¦°/Õ³§RÅûÔ¢o¨;Õ³§ªÅûÔ£%¬Ù¯N©oµ/Õ©¤¾DÍÈü÷©¶N¾WÁ;¯D¢o·{¥o¶+«/¶W¨ ·¥o¶N¢¥ ¶N«æÔ±P¢o¤«*Õ³Å
¯D«/¨Ì¥ª/WØ3°/¤«/©oª%¦«%±³ÊR©¤¥ÅWºª/+¿X¦¢µ·\Á;¯D¢F¯D¾+¤¥o¤¢mª;¯N·\£R¤«ÌÖ%À%¨B¥o¶¯M¢o¯N·o¶N«;¯D£%¬ W»P¯D¬¦°/ÔuÁ


Åû+©¤¾DÍÈümÕ³Å#ºª/W·½·¥o¤¾5¯D¥ ©·m¶N«


 ·\·¥¦¾5¯D¥o¨ﬀ¯D¥/Å 3ßt¯N·o·o°%¾W¦«%±-¯=¢F¯D«%±4²â¶N¢ﬁÁ

² ¢o¶N¾ 
¥o¶ÅûW©¤¾DÍÈü¹jª% ©Fª ·j¥ª/\¾5¯À¦¾~°%¾Î¾+¯N·°%¢o¨.»P¯D¬¦°/Â² ¶N¢{·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢o·Q¹j¦¥ªO©oª;¯D¢F¯N©¤¥o¤¢ ·¥ ©·
·¦¾W¦¬Ù¯D¢{¥o¶Á/·F¤°/¨%¶3©¤°%¾+¤«/)Å
ºª/~¥¦¾+\»N¯D¢Ù¯D¥ ¶N«¶D²u¥ª/m¬¦¦±Pª	¥Q½3 ¤¬ ¨¾+¯N·°%¢o¨.² ¢o¶N¾ ¥ª/ 14 Ñ¤«/¤¢±P½M·oÁ©¤¥¢°%¾Î ·1·ª/¶¹j«O¦«
Ó¦±P°%¢oÅÅLÆå«.¥ª/Â²â¶N¬¦¬ ¶¹j¦«%±M¯D«;¯D¬¦½9·o·§%¯N©oª-·oÁ©¤¥¢°%¾Î¯D«/¨O©¤°%¥{¦«Á%ª/¶N¥o¶9¤¬ ©¤¥¢o¶N«/·{ ·1·F©¯D¬ ¨.£	½


¯N©oª% ¤»4¨(² ¢o¶N¾Ý¥ª/ 14 Ñ·ÁR©¤¥¢°%¾ÝÖ/¥Þuºª/Q¶N£/·o¤¢»4¨=©oª;¯D«%±4·X¦«5¬¦¦±Pª3¥Ò½9 ¤¬ ¨5¯D¢oQ¾+¶P·¥¬¦½+¯D¥¥¢¦£%°%¥o¨
¥o¶O¤¬ ©¤¥¢o¶N«% ©·e¦«/·¥F¯D£%¦¬¦¦¥å½¯D«/¨RD¶N¢~¥o¶OÁ¶P·F·¦£%¬ 5·¾5¯D¬¦¬L»N¯D¢Ù¯D¥ ¶N«/·¶D²j¥ª/5¶NÁ%¥ ©¯D¬XÁ%¢o¶NÁ¤¢¥ ·e¶D²j¥ª/
·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢Å
çÂç

1Uh{n h1n1v1stlonev*loh{n
222 ¼{«©¯D«-©¶N«	¥F¯D¾W¦«;¯D¥om¥ª/~¨%¤¥o©¤¥o¶N¢1¦«¨×Ê2¤¢o¤«	¥1¹¯½·?
• ¨¦¢o©¤¥¬¦½=² ¢o¶N¾ 238 ÞÁ%¢o·o¤«	¥{¦«.¥ª/~·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢
• ² ¢o¶N¾Î¯D¦¢{¬ ¯Dµ·{¦«¥ª/mÁ%¦Á·¯D«/¨.¦«O©¶N«	¥F¯D¦«/¤¢o·Q°/·o¨¨°%¢¦«%±(¥ª/m·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢QÁ%°%¢×Ö;©¯D¥ ¶N«B¶N¢
¦«O¥ª/Â»4·o·o¤¬2Ö/¬¦¬¦¦«%±]
• ¤¾5¯D«;¯D¥o¨²¢o¶N¾ 226 ¼Q¯UÁ%¢o·o¤«	¥Q¦«.¥ª/\»4·o·o¤¬#¶N¢1¦«.¥ª/\¹X¯D¬¦¬ ·Q¶D²Á%¦ÁR·1¯D«/¨©¶N«3¥F¯D¦«/¤¢o·
ý
ÑÒª;¯DÁ%¥o¤¢?(¡1«;¯D¬¦½· ·{¶D²S¥ª/~ÑXºjÓÉuW¨/¯D¥F¯
Time (d/m/y)
31/12/01 02/07/02 01/01/03 02/07/03 01/01/04 01/07/04
Ph
ot
oe
le
ct
ro
ns
/M
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420 Period Bars
Column 
WE Period 
Mixing 
PMT Off 
New PC 
Shroud Adj. 
Laser Calib. 
Electr.Adj. 
Ó¦±P°%¢oDÅ?º¦¾+XÁ%¢o¶DÖ/¬ j¶D²¥ª/¬¦¦±Pª	¥u½9 ¤¬ ¨


¢o·°%¬¦¥¦«%±Â²¢o¶N¾¥ª/¢°%«ÁR¤¢¢°%«Ö/¥u¶D²¥ª/ 14 Ñ¤«/¤¢±P½
·ÁR©¤¥¢°%¾Å?ºª/m¤¢¢o¶N¢{£;¯D¢o·{¢o¤Á%¢o·o¤«	¥Q¥ª/\·¥F¯D¥ ·¥ ©¯D¬ﬂ¤¢¢o¶N¢Å
• ² ¢o¶N¾ ¢F¯N¨%¶N«¦«.¥ª/\¹¯D¥o¤¢1£%°Ê2¤¢jÁ¤¢¾+¯D¥¦«%±(¥ª/\«	½9¬ ¶N«¾+¤¾U£%¢F¯D«/PÅ
¼Q¯N¨%¶N«¦¥o·o¤¬×²ª;¯N·u¯1¢o¤¬Ù¯D¥¦»4¤¬¦½·ª/¶N¢¥S¾+¯D«W¬¦×²âÂÔÅ¨/¯½9· Õ³§3¯D«/¨U¦«W·¾5¯D¬¦¬/¯D¾+¶N°%«3¥L¨%¶3·«/¶N¥S¢o¤Á%¢o·o¤«3¥
¯j¢o¯D¬3Á%¢o¶N£%¬ ¤¾¦«ÑXºjÓXÅÍ-¶N¢oÒ¨/¯D«%±4¤¢o¶N°/·u¯D¢o?¦¥o·ﬂ¨/¯D°%±Pª3¥o¤¢o·§N¾+¶P·¥¶D²/¯D¬¦¬ 210 Ðu£~¹jª% ©FªUª;¯N·S¯¬¦×²â¤¥¦¾+
¶D²FM½4¯D¢o·Å 210 Ðu£ β
É)¨%©¯½9·U¹j¦¥ª¤«/¤¢±P½B£R¤¬ ¶¹à¥ª/5¥ª%¢o·ª/¶N¬ ¨"Ô¤1ÉÈ»P¯D¬¦°/ ∼ û.µ4ÈümÕ³§2¹jª%¦¬ 5¦¥o·
¨/¯D°%±Pª	¥o¤¢o· 210 ¿Xﬂ¯D«/¨ 210 Ð¶+¨%©¯½M¹j¦¥ªO¤«/¤¢±P ·1¦«¥ª/Â«/¤°%¥¢¦«/¶+¹j¦«/¨%¶¹m§;¶N«/©mØ3°/¤«/©oª/¨2Å
222 ¼1« ·j¥F¯D±P±4¨¥ª%¢o¶N°%±Pª-¥ª/~¨%¤¬Ù¯½4¨O©¶N¦«/©¤ ¨%¤«/©·§³À9Á%¬ ¶N¦¥¦«%±(¥ª/Â²È¯N·¥ β
É
α
·oØ3°/¤«/©m¶D²S¥ª/
214 ¿X×É 214 Ð¶(·o¤±P¾+¤«	¥§/¹jª% ©oª-¶9©©¤°%¢o·j¦«V µ
·Å
ºª/~¢F¯N¨%¶N«-¶N¢¦±P¦«B©¯D«O£Rm¨%¨°/©¨O£3½.¬ ¶3¶Nµ9¦«%±(¯D¥Q¥ª/~¨%©¯½.¥¦¾+U¶D²u¥ª/m¥F¯D±P±4¨ 214 Ð¶%§·¦«/©
¯D¬¦¬S ·o¶N¥o¶NÁR·Q¦«B¥ª/ 238 ÞÝ©Fª;¯D¦«Ì£¤¥å¹Ò¤« 222 ¼{«Ì¯D«/¨ 214 ¿Xª;¯»4W¯5¾+¯D«B¬¦×²â¶D²L¬ ·o·¥ª;¯D«Bª;¯D¬×²¯D«
ª/¶N°%¢ÅSÆÈ²¥ª/X¥¦¾+Á%¢o¶DÖ/¬ {¶D²·°/©Fª+©¶N¦«/©¤ ¨%¤«/©{¤»4¤«	¥o·?² ¶N¬¦¬ ¶¹{·S¥ª/ 222 ¼{«¾+¯D«W¬¦×²âP§P¥ª/¤¦¢?¶N¢¦±P¦«+©¯D«
£R¯D¥¥¢¦£%°%¥o¨ﬀ¥o¶=¢F¯N¨%¶N«ﬀ¶N°%¥m¶D²X·o©¤°%¬Ù¯D¢mØ3°%¦¬¦¦£%¢¦°%¾Å5áQ¥ª/¤¢¹j ·oP§ﬂ×²Ò¥ª/ 214 ¿X×É 214 Ð¶O©¶N¦«/©¤ ¨%¤«/©
¢F¯D¥oe ·Â©¶N«/·¥F¯D«	¥Â¦«B¥¦¾+P§R¢F¯N¨%¶N«Ì©¯D«-£Re¯D¥¥¢¦£%°%¥o¨B¥o¶=¥ª/eÁ%¢o·o¤«/©¶D² 226 ¼¯OÔ^B=½4¯D¢o·¾+¯D«
¬¦×²âÕ1¶N¢Â¥o¶MÁR¶P·o·¦£%¬ U¢F¯N¨%¶N«Ì¬ ¯Dµ9·§R¬¦¦µ4UÁR¤¢¾+¯D¥ ¶N«:¥ª%¢o¶N°%±PªÌ¥ª/e«	½9¬ ¶N«Ì¾+¤¾~£%¢F¯D«/PÅÆå«Ì©¯N·o¶D²Ò«/¶
¢F¯N¨%¶N«¬ ¯Dµ·1¯D«/¨O¯N·o·o°%¾W¦«%±5·o©¤°%¬Ù¯D¢{Ø3°%¦¬¦¦£%¢¦°%¾¦¥1©¶N°%¬ ¨.£R\¨°/Â¥o¶W¥ª/ 238 Þ©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«#Å
¸u»4¤«Ì¥ª/¶N°%±Pªﬀ¢F¯N¨%¶N«Ì ·m¯M¨/¯D«%±4¤¢Â² ¶N¢Â¥ª/W³ÀÁ¤¢¦¾+¤«3¥§#¦¥m¯D¬ ·o¶M¢o¤Á%¢o·o¤«3¥o·~¯=Á¶¹Ò¤¢² °%¬?¥o¶9¶N¬²â¶N¢
¾+¶N«%¦¥o¶N¢¦«%±\¥ª/¨%¤¥o©¤¥o¶N¢ÅSºª/Ò¥¦¾+XÁ%¢o¶DÖ/¬ ¶D²;¥ª/X¥F¯D±P±4¨ 214 Ð¶%§	·ª/¶¹j«¦«WÓ¦±P°%¢oÅd
9§P¤¾WÁ%ª;¯N·o¦­·
¯N©oª¢F¯N¨%¶N«O¦«Ö/¬¦¥¢F¯D¥ ¶N«#§¹jª% ©Fª¶9©©¤°%¢o·{Á%¢F¯N©¤¥ ©¯D¬¦¬¦½¦«B¯D«	½Mú/°% ¨-¶NÁ¤¢F¯D¥ ¶N«/·Åj¡8¬Ù¯D¢±4¯N©¤¥¦»3¦¥å½.ª;¯N·
£R¤«ﬀ¾+¯N·°%¢o¨:² ¶N¢U¥ª/+¦«%¦¥Ù¯D¬Ò·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢¬ ¶4¯N¨¦«%±-¶D²{¥ª/(¨%¤¥o©¤¥o¶N¢¯D«/¨:² ¶N¢~¯N©Fªﬀ²â¶N¬¦¬ ¶¹j¦«%± 14 Ñ
¥o·¥Åuºª% ·1 ·{¨°/\¥o¶W·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢1¹jª% ©oª©¶N¬¦¬ ©¤¥o·{¢F¯N¨%¶N«Á;¯N·F·¦«%±W¥ª%¢o¶N°%±PªOÁ%¦ÁR·1¯D«/¨.¥F¯D«%µ·Å
ý
ÑÒª;¯DÁ%¥o¤¢?(¡1«;¯D¬¦½· ·{¶D²S¥ª/UÑXºjÓÉuW¨/¯D¥F¯
\¯D¥F¯5Ã9¤¥ Ðuª;¯N·o ÑX¶N°%«	¥1¼¯D¥o 238 Þ 226 ¼¯
Ô ¤»D¨R¾
IV
Õ Ôû
−16 ±±3Õ Ôû −22 ±±3Õ
¡A?H^WÉu
` ¦«%¦¥Ù¯D¬#£;¯D¥o©Fª Å ± ûPÅ ûe/Å ý ± Å Å ± Å ý
¿­?Hû^NÉuû ¯² ¥o¤¢Ã8¬ ¶9¶NÁ.¥o·¥ Å þ ± Åd
 
9Å ± ûPÅ Å ± ûPÅ 
Ñ?RûÉuûe	ý ¯²¥o¤¢Ö/¢o·¥F 6¸ Å ± Å¦û Å ± Å ûPÅ þ ± Å¦û
 ?RûÉuûi
` ¯² ¥o¤¢j£%¬Ù¯D«%µ=¬ ¶9¶NÁ °%«;¯D£%¬ m¥o¶eÖ/¥ °%«;¯D£%¬ m¥o¶Ö/¥ °%«;¯D£%¬ \¥o¶Ö/¥
¸D?RûÉuûi
` ¯² ¥o¤¢Ã8£;¯D¥o©oª-¥o·¥ Å ± Å Å ± Å ûPÅ þ ± Å
Ó?RÉu^B ¯²¥o¤¢UûÂ½4¯D¢1·¦«/©~Ã¦«.£;¯D¥o©Fª ûPÅ¦û ± Å¦û Å þ ± Å ûPÅ ± Å¦û
º¯D£%¬ Å H?m¸?Ø3°%¦»N¯D¬ ¤«3¥ 238 Þ ¯D«/¨ 226 ¼Q¯M¨%¤¢¦»4¨B² ¢o¶N¾¥ª/ 214 ¿X×É 214 Ð¶-©¶N°%«	¥m¢F¯D¥oPÅ5Ð¤¢ ¶9¨:  ·
¥o¶9¶W·ª/¶N¢¥j²â¶N¢1¯©¶N¢¢o©¤¥1 ¨%¤«	¥×Ö;©¯D¥ ¶N«B¶D²S¯+©¶N«/·¥F¯D«	¥{¢F¯D¥oPÅLÄQ¶W¢F¯N¨Ù¯D¬©¤°%¥jª;¯N·{£R¤«O¯DÁ%Á%¬¦ ¨2Å
¡^¬ ¯Dµ~¹X¯N·?¢o¤±P ·¥o¤¢o¨+¯²¥o¤¢S¥ª/XÖ/¢o·¥ 14 Ñﬀ¥o·¥u¹jª/¤«¥ª/j©¶N°%«	¥L¢F¯D¥oÒ¦«/©¤¢o¯N·F¨°%ÁW¥o¶Q¥ª/¶N°/· ¯D«/¨%·
¤»4¤«	¥o·ÁR¤¢¨/¯½4Å?Æå¥L¥°%¢«/¨M¶N°%¥¥ª;¯D¥¥ª/1¬ ¯Dµ+¹¯N·j¨°/1¥o¶W¯~»N¯D¬¦»4¶NÁR¤«(¥o¶¹X¯D¢o¨%·j¥ª/¶N°%¥o· ¨%\¯D¬ ¶N«%±
¶N«/m¶D²S¥ª/ÂÁ/·o¤°/¨%¶9©¤°%¾+¤«/m¬¦¦«/·Å
çÂuü ÷iR{nUlF}es h{nQv*1stlonev*lFh{n
226 ¼Q¯BÔâ¯D«/¨ 238 ÞÝ×²·o©¤°%¬Ù¯D¢\Ø	°%¦¬¦¦£%¢¦°%¾q ·Â¯N·F·°%¾+¨;Õ©¯D«B£¨%¨°/©¨² ¢o¶N¾ä¥ª/ 214 ¿X×É 214 Ð¶.©¶DÉ
¦«/©¤ ¨%¤«/©PÅ{ºª/U¢F¯N¨%¶N«-¨%©¯½Á%¢o¶DÖ/¬ U·oª/¶¹j«¦«-Ó¦±P°%¢oﬁÅd
W ·{Ö/¥¥o¨O¦«-¨×Ê2¤¢o¤«	¥ÂÁ¤¢ ¶9¨%·{¹j¦¥ª-¥ª/
222 ¼{«¨%©¯½=²°%«/©¤¥ ¶N«Á%¬¦°/·Q¯W©¶N«/·¥F¯D«	¥Q¿?
R =
A
τ
e−t/τ + B
ÔÅ¦ûþ4Õ
¹jª/¤¢o
τ
 ·Ö%À%¨.¥o¶¥ª/ 222 ¼1«.¾+¯D«¬¦×²â+ÔÅW¨/¯½· Õ³Å
ºª/-³Ú5©¤ ¤«/©¤½¶D²m¨%¤¥o©¤¥¦«%±¥ª/ 214 ¿X×É 214 Ð¶¨%¤¬Ù¯½4¨"©¶N¦«/©¤ ¨%¤«/©-¨%¤ÁR¤«/¨%·5¶N«¥ª/¯DÁ%Á%¬¦ ¨
¤«/¤¢±P½¯D«/¨.¥¦¾+\©¤°%¥o·?
• ûÕ?©¤°%¥L¦«5¥ª/1«	°%¾U£¤¢¶D²#Á%ª/¶N¥o¶3¤¬ ©¤¥¢o¶N«/·Ò²â¶N¢?¥ª/1·F©¶N«/¨(¤»4¤«3¥?1Ñ«s8B5Ô ε  Å ýPý4Õ?
• 4Õ©¤°%¥{¶N«O¥ª/m©¶N¦«/©¤ ¨%¤«/©m¥¦¾+?l µ ·¥
9û µ ·mÔ ε 6Å ý^3Õ³Å
ºª/\¥o¶N¥F¯D¬ﬂ¨%¤¥o©¤¥ ¶N«³Ú5©¤ ¤«/©¤½M ·1ý^/Å4ß=Å
Â¶4¯D¬X¶D²j¥ª/Ö/¥~ ·~¾+¯N·°%¢¦«%±O¥ª/W¢F¯D¥o(¶D²j¥ª/5©¶N«/·¥F¯D«3¥~¥o¤¢¾§¹jª% ©oªæ©¯D«ﬀ£RW ¨%¤«	¥×Ö;¨¹j¦¥ª
226 ¼Q¯"Ô ¶N¢ 238 Þ\Õ5¶N¢(¥o¶æ¯ﬀ©¶N«/·¥F¯D«3¥MÁ¤¢¾+¯D¥ ¶N«6² ¢o¶N¾ ¥ª/-»4·o·o¤¬Â¶N¢5² ¢o¶N¾¥ª/-¹X¯D¥o¤¢M£%°Ê2¤¢ÅÆ
¯D«;¯D¬¦½9­¨·×ÀMÁ¤¢ ¶9¨%·~Ô Ó¦±P°%¢oÅ þ4Õp?
• {êem%±°µsøÉLÆå«%¦¥Ù¯D¬#£;¯D¥o©FªO¶D²S·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢eÔ¢°%«:^NÉu
`4Õ³Å
• {êem%±°  ÉX¡{² ¥o¤¢j¥ª/Â¥o·¥1¶D²S¥ª/\·¦¬¦ ©¯±4¤¬#¦«.¬ ¶9¶NÁ.¾+¶9¨%5Ô¢°%«Vû^NÉuû4Õ³Å
• {êem%±°  ÉX¡{² ¥o¤¢j¥ª/Ö/¢o·¥{¹¯D¥o¤¢1³À9¥¢F¯N©¤¥ ¶N«-¥o·¥~Ô¢°%«VûÉuûe	ý4Õ³Å
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31/12/01 02/07/02 31/12/02 02/07/03 01/01/04 01/07/04
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ÑÒª;¯DÁ%¥o¤¢?(¡1«;¯D¬¦½· ·{¶D²S¥ª/UÑXºjÓÉuW¨/¯D¥F¯
• {êem%±°  Éu¡1² ¥o¤¢X¥ª/£%¬Ù¯D«%µ(¬ ¶3¶NÁ¯D«/¨M¨°%¢¦«%±W¥ª/Â·o©¶N«/¨M¹X¯D¥o¤¢{³À¥¢F¯N©¤¥ ¶N«.¥o·¥mÔ¢°%«$ûÉ
ûi
`4Õ³Å
• {êem%±°xÉL¡1² ¥o¤¢j¥ª/\¥o·¥{¶D²S¥ª/m·¦¬¦ ©¯e±4¤¬#¦«.£;¯D¥o©FªO¾+¶9¨%5Ô¢°%«GûýeÉ4Õ³Å
• {êem%±°µkQÉÒ¡1²¥o¤¢mûÂ½4¯D¢Q·¦«/©Â¥ª/\¬Ù¯N·¥j¾5¯D«%¦Á%°%¬Ù¯D¥ ¶N«B¶D²¥ª/~·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢Ô¢°%«VÉu^B4Õ³Å
Ð¤¢ ¶3¨G ·~¥o¶9¶B·ª/¶N¢¥U² ¶N¢W¯D¬¦¬ ¶¹j¦«%±ﬀ¯-©¶N¢¢o©¤¥W ¨%¤«	¥×Ö;©¯D¥ ¶N«^¶D²{¥ª/M©¶N«/·¥F¯D«3¥W¢F¯D¥oPÅB¡1¬¦¬X¥ª/
¢o·°%¬¦¥o·1¯D¢om¢o¤Á¶N¢¥o¨.¦«-º¯D£%¬ Å /Å
ºª/?·o¦¬¦ ©¯±4¤¬3©¶N¬¦°%¾W«m¦«~¬ ¶3¶NÁm¾+¶9¨%u¢o¨°/©¨~¥ª/?©¶N«/·¥F¯D«	¥¢F¯D¥o?£3½\¯²â¯N©¤¥o¶N¢ ∼ j¹jª%¦¬ u¥ª/?¹¯D¥o¤¢
³À¥¢F¯N©¤¥ ¶N«:Á%°%¢×Ö;©¯D¥ ¶N«·o¤¾+·§#¯N·m³À9ÁR©¤¥o¨2§ﬂ¯D£/·o¶N¬¦°%¥o¤¬¦½B¦«/³Ú5©¤ ¤«3¥~¦« 226 ¼Q¯BÔ ¶N¢ 238 Þ\ÕQ¢o¤¾+¶»P¯D¬ÈÅ
ÞQ«	¥¦¬#«/¶¹m§%¥ª/mØ3°%¦»N¯D¬ ¤«3¥ 238 Þy©¶N«/©¤«3¥¢F¯D¥ ¶N«- ·UÔÅ þ ± Å4Õ)ÀRû −16 ±±/Å
¼¯N¨%¶N«Á¤¢¾+¯D¥ ¶N«O²¢o¶N¾¥ª/\¹X¯D¥o¤¢£%°ÊR¤¢1 ·j»4¤¢×Ö;¨£3½M©¶N¾WÁ;¯D¢¦«%± {êpmp±°xà¯D«/¨s1êpm%±°¨k
¹jª/¤«#§3¯D¥L¥ª/j£¤±P¦«%«%¦«%±e¶D²RÄ¶»4¤¾U£¤¢§4¹X{¢o¯D¬¦¦­¨+¥ª;¯D¥L¥ª/jå·ª%¢o¶N°/¨Oq~Ô¥ª/{¶N°%¥o¤¢?»4·o·F¤¬Õ¬ ¶P·¥
¦¥o·j·Á%ª/¤¢ ©¯D¬ﬂ·oª;¯DÁPÅLÃ9¶9¶N«O¯²¥o¤¢¥ª/\·ª%¢o¶N°/¨¯N¨^°/·¥¾+¤«3¥UÔ¦«/¨ ©¯D¥o¨O¯N·j£%¬Ù¯N©Fµ(¬¦¦«/·j¦«M¥ª/Â£R¶N¥¥o¶N¾
Ö/±P°%¢oÂ¶D²Å þ4Õ³§9¹Ò«/¶N¥ ©¨.¯U¢F¯N¨%¶N«=¦«Ö/¬¦¥¢F¯D¥ ¶N«#§ª/¶¹Ò¤»4¤¢{¥ª/QÁ%¬Ù¯D¥o¯D°.¨%©¤¢o¯N·o¨M£	½=¯\²È¯N©¤¥o¶N¢ ∼ (§
¯² ¥o¤¢1¯D¬¦¬#¥ª/Â¢F¯N¨%¶N«O¨%©¯½4¨2ÅÒÆ)¥j ·{¦¾WÁ¶N¢¥F¯D«3¥{¥o¶W°%«/¨%¤¢¬¦¦«/\¥ª;¯D¥{¥ª/\·oª%¢o¶N°/¨. ·jÁ;¯D¢¥Ù¯D¬¦¬¦½.¶NÁ¤«M²â¶N¢
£%°/¶½	¯D«/©¤½5¢o¯N·o¶N«/·Åu¡ø·ª;¯DÁR{¨ ·¥o¶N¢¥ ¶N«M©¯D«(¨¦¬Ù¯D¥oQ¥ª/j)ª/¶N¬ ·q1¯D«/¨(¥ª/¤¢o³² ¶N¢oQ¨%©¤¢o¯N·o1¥ª/1£;¯D¢¢ ¤¢
³Ú5©¤ ¤«/©¤½¯D±	¯D¦«/·¥{¢F¯N¨%¶N«#Å?¡¥1¥ª/\Á%¢o·o¤«	¥1¥¦¾+P§%¥ª/m·ª%¢o¶N°/¨·o¥¦¬¦¬2ª;¯N·1¯«/¶N«·Á%ª/¤¢ ©¯D¬ﬂ·oª;¯DÁPÅ
çÂ

'
iÂr~vh{n h{nQv*1stlFnUvloh{n
¡·S¯D¬¦¢o¯N¨½e¨%·o©¤¢¦£R¨¦«+ÑÒª;¯DÁ%¥o¤¢l§ 85 ËÂ¢ β
É)¨%©¯½9·S¦«3¥o¶ 85 ¼{£e¹j¦¥ª+¯ýPýÅ4ß£%¢F¯D«/©Fª%¦«%±m¢F¯D¥ ¶\¯D«/¨
¯ﬁ1ÉÈ»P¯D¬¦°/1¶D²ŁPþ
\µ4ÈüÅ3ºª/1ª;¯D¬×²#¬¦×² j ·QûÅd
`m½4¯D¢o·Å1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¤«/¤¢±P½4ÅLºª/\Ö/¥1¶D²u¥ª/\¥¦¾+\Á%¢o¶DÖ/¬ m¶D²u¥ª/\¦«3¥o¤¢«;¯D¬¤»4¤«	¥o·1² ¢o¶N¾ë¥ª/\¢F¯N¨Ù¯D¬¯D«;¯D¬¦½· ·{·°%±P±4·o¥o·j¥ª/
Á%¢o·o¤«/©\¶D²¯U¬ ¶N«%±W¬¦×²âÂ¤¬ ¤¾+¤«	¥~Ô
τ
¦÷û¨/¯½· Õ³Åuºª/
α− β ¯D«;¯D¬¦½· ·¢o©¶N±P«%¦­·{·°/©Fª©¶N«	¥F¯D¾W¦«;¯É
¥ ¶N«ﬀ¯N·m¯D«
α
É)¨%©¯½:¯D«/¨B¥ª/WØ	°/¤«/©Fª%¦«%±.²°%«/©¤¥ ¶N«:¶D²¸?Ø<Å§#©¯D¬¦¦£%¢F¯D¥o¨:¶N«B¥ª/¢F¯N¨%¶N«ﬀ·o¤±P¾+¤«3¥
©¶N«/· ·¥o¤«3¥{¹j¦¥ª-¯D«
α
É)¤«/¤¢±P½M¢F¯D«%±4m¶D² ∼ ÅeÉÅÍÈüÅ
Ó%¢o¶N¾÷¥ª/¬¦¦¥o¤¢F¯D¥°%¢oP§4¥ª/ ·o¶N¥o¶NÁX¹jª% ©FªW ·S¾+¶P·¥u©¶N¾WÁ;¯D¥¦£%¬ j¹j¦¥ªW¥ª/·oÒ² ¯D¥°%¢o·S · 210 Ð¶%ÅSºª/
210 Ð¶(¾+¯D«Ì¬¦×²âU ·eûý
(¨/¯½9·\¯D«/¨¦¥\¨%©¯½·¤¾W¦¥¥¦«%±O¯£Å=Í-)ü α
Å~Ã3°/©oªÌ©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«ﬀ©¶N¾+·
² ¢o¶N¾¥ª/ 210 Ðu£æ·o¤±P¾+¤«	¥U£¤¬ ¶N«%±P¦«%±-¥o¶.¥ª/ 238 Þg©oª;¯D¦«#Å 210 Ðu£ β
É)¨%©¯½9·U¦« 210 ¿X?¹j¦¥ªæ¯M¾+¯D«
¬¦×²â~¶D²lÅW½¯D«/¨B¯1ÉÈ»N¯D¬¦°/ ∼ û+µ4Èü§/«/¶N¥Q¨%¤¥o©¤¥F¯D£%¬ U£	½-ÑXºjÓÅRáQ«O¥ª/e¶N¥ª/¤¢1ª;¯D«/¨2§ 210 ¿Xﬂ©¯D«
£R~¨%¤¥o©¤¥o¨B·¦«/©U¦¥
β
É)¨%©¯½9·¦« 210 Ð¶%§¦« ∼ 
+¨/¯½·Q¹j¦¥ªÌ¯®1ÉÈ»N¯D¬¦°/ ∼ ûPÅ(ÍÈüÅ 210 Ð¶=¨%©¯½·
¦« 206 Ðu£¹jª% ©FªO ·1¯·o¥F¯D£%¬ \ ·o¶N¥o¶NÁRPÅ
 :\ ¨%¤«3¥×Ö;¨¥å¹Ò¶+ÁR¶P·o·¦£%¬ \©¯D°/·F·j¹jª% ©oª©¯D« Ç°/·¥×² ½=¥ª/ÂÁ%¢o·o¤«/©~¶D² 210 Ð¶?
• k§m±`¿ 210 DÀiÞ 210 Ðu£6£%°%¦¬ ¨%·M°%Áø¯² ¥o¤¢=³ÀÁR¶P·°%¢o¥o¶¢F¯N¨%¶N«¶N¢(¦¥M©¯D«"£RO©¶N¬¦¬ ©¤¥o¨6£3½¥ª/
·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢?Á;¯N·o·o¦«%±¥ª%¢o¶N°%±PªWÁ%¦ÁR·S¶N¢S¥F¯D«%µ9·ÅuÃ3°/©oªWª3½3ÁR¶N¥ª/· ·u©¯D«£RÒ·°%Á%ÁR¶N¢¥o¨£	½U¬ ¶3¶Nµ9¦«%±
×²S¥ª/mØ3°%¦¬¦¦£%¢¦°%¾ £R¤¥)¹Ò¤« 210 ¿Xﬂ¯D«/¨ 210 Ð¶W ·{·¥F¯D£%¬¦ ·ª/¨2Å
•  ¹moê²©& 210 D±V²½±!R&¤¯`¿ ¹!ª¯&''±!ªÞ 210 Ð¶©¶N°%¬ ¨Ì£RW¨¦¢o©¤¥¬¦½BÁ%¢o·o¤«	¥U¦«Ì¥ª/+·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢¯D«/¨RD¶N¢
¶N«-¥ª/\»4·o·o¤¬ÈÅÒÆ)«-·°/©oªO©¯N·F·§%¹ÒU¨%¶N«) ¥Q³ÀÁ©¤¥¯D«	½.Ø	°%¦¬¦¦£%¢¦°%¾ã£R¤¥)¹Ò¤« 210 ¿X¯D«/¨ 210 Ð¶%§
£%°%¥1¹Òm·ª/¶N°%¬ ¨O¶N£/·o¤¢»4~¯©¶N«/·¥F¯D«3¥Q¨%©¯½M¹j¦¥ª¥ª/ 210 Ð¶+¾+¯D«O¬¦×² PÅ
ºª/{¢o·o°%¬¦¥o·Ò·ª/¶¹j«5¦«=º¯D£%¬ ­Å þ\°%«/¨%¤¢¬¦¦«/Â¯\«/¶N«É)Ø3°%¦¬¦¦£%¢¦°%¾ £R¤¥)¹X¤« 210 ¿XR¯D«/¨ 210 Ð¶~¦«(¯D¬¦¬*¥ª/
¯D«;¯D¬¦½9­¨(Á%ª;¯N·F·{¯DÁ;¯D¢¥j£³²â¶N¢o1¥ª/Â·¦¬¦ ©¯U±4¤¬R£;¯D¥o©oª.¥o·o¥j¯D«/¨=¦«M¥ª/¬Ù¯N·¥XÁ¤¢ ¶9¨ÌÔ¢°%«)?PþÉu^B4Õ³Å
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· ·{¶D²S¥ª/UÑXºjÓÉuW¨/¯D¥F¯
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¥ª/m¹jª/¶N¬ e¤«/¤¢±P½·ÁR©¤¥¢°%¾Å{ºª/m¢F¯N¨%¶N«B·o¤±P¾+¤«3¥©¶N¢¢o·ÁR¶N«/¨%·Q¥o¶ 222 ¼{«#§ 218 Ð¶%§ 214 Ð?£#§ 214 Ð¶M¯D«/¨
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º¯D£%¬ Å þ? Ã3¦«%±P¬ 1©¶N¾WÁR¶N«/¤«	¥L¢F¯D¥o·L² ¢o¶N¾Ý¥ª/{¤«/¤¢±P½eÖ/¥ÅuÆ)«W¥ª/1¬Ù¯N·¥?¥å¹Ò¶~©¶N¬¦°%¾W«/·§	¥ª/j¥o¶N¥F¯D¬*¢F¯D¥o·
¯D¢om·o©¯D¬ ¨M¥o¶+¥ª/\«/¤°%¥¢¦«/¶W¹j¦«/¨%¶¹m§ÕÅeÉÅ þAÙÍÈü°/·¦«%±W¥ª/m©¶9³Ú5©¤ ¤«	¥o·1¦«Oº¯D£%¬ AÅd
9Å
ûPû
ÑÒª;¯DÁ%¥o¤¢?(¡1«;¯D¬¦½· ·{¶D²S¥ª/~ÑXºjÓÉuW¨/¯D¥F¯
0
200
400
600
0.25 0.5 0.75 1
2056-2073     MeV
0
200
400
600
0.25 0.5 0.75 1
2074-2093     MeV
0
100
200
300
400
0.25 0.5 0.75 1
2094-2122     MeV
0
20
40
60
0.25 0.5 0.75 1
2125-2149     MeV
0
20
40
60
80
0.25 0.5 0.75 1
2154-2161     MeV
0
25
50
75
100
0.25 0.5 0.75 1
2162-2183     MeV
0
200
400
600
800
0.25 0.5 0.75 1
2188-2281     MeV
0
50
100
150
0.25 0.5 0.75 1
2282-2345     MeV
0
50
100
150
0.25 0.5 0.75 1
2346-2450     MeV
Ó¦±P°%¢oÅ¦û? ¸u«/¤¢±P½.·ÁR©¤¥¢F¯e¦«-ýeÁR¤¢ ¶3¨%·{¶D²S¥ª/m¨/¯D¥F¯e¥F¯Dµ9¦«%±+¦«VÅe¾ ¢F¯N¨¦°/·{Ö;¨°/©¤Ù¯D¬#»4¶N¬¦°%¾+PÅ
ûPûPû
ÑÒª;¯DÁ%¥o¤¢?(¡1«;¯D¬¦½· ·{¶D²S¥ª/UÑXºjÓÉuW¨/¯D¥F¯
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  95.53    /    93
P1   6258.   125.0
P2   4232.   202.8
P3   1750.   53.64
P4   853.0   86.36
P5   1.691  0.1273E-01
P6   22.73  0.8668E-01
P7   462.9   14.54
MeV
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P3   188.0   23.19
P4   2758.   427.0
P5   2.642  0.2766E-01
P6   28.34  0.1500
P7   397.4   11.85
MeV
Ó¦±P°%¢oÅ¦ûi
O?Ó¦¥o·¶D²/¥ª/X¤«/¤¢±P½~·ÁR©¤¥¢F¯Q¶D²;Á¤¢ ¶9¨m¢°%«/·=
`ÉuPý^+Ô¥o¶NÁ*Õ¯D«/¨ ûþPþÉuPþû\Ô£R¶N¥¥o¶N¾(Õ³Å
ºª/² ¢oQÁ;¯D¢F¯D¾+¤¥o¤¢o·1¶D²¥ª/QÖ/¥o·{¯D¢oÂ¥ª/\¯D¾WÁ%¬¦¦¥°/¨%·{¢o¤¬Ù¯D¥o¨M¥o¶ 210 Ð¶%§ 210 ¿ÒÈ§9¢F¯N¨%¶N«·o¤±P¾+¤«3¥1¯D«/¨
85 ËÂ¢Å
ûPû
ÑÒª;¯DÁ%¥o¤¢?(¡1«;¯D¬¦½· ·{¶D²S¥ª/~ÑXºjÓÉuW¨/¯D¥F¯
©¯D«G¦«²â¤¢W¥ª;¯D¥W¥ª/.·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢( ·W¨¦¢o©¤¥¬¦½©¶N«3¥F¯D¾W¦«;¯D¥o¨£3½ 210 Ð¶Ì¢F¯D¥ª/¤¢W¥ª;¯D«£3½¦¥o·Á;¯D¢o¤«3¥§
210 Ðu£#Å
¡1²¥o¤¢S¥ª/£%¬Ù¯D«%µU¬ ¶3¶NÁW¹Xj¶N£/·o¤¢»4¨+¯QÁ¶P·o·o¦£%¬ Ò¦«/©¤¢o¯N·Fj¶D²*¥ª/ 210 Ðu£5¯N©¤¥¦»9¦¥)½4ÅSÆå¥S©¯D«W£RX¢o¤¬Ù¯D¥o¨
¥o¶5¯ 210 Ðu£-©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«Ì¶D²¥ª/m¹X¯D¬¦¬ ·1¶D²S¥ª/\Á%¦ÁR·j¹jª/¤¢om¥ª/~·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢Q¹X¯N·1©¤¦¢o©¤°%¬Ù¯D¥o¨-¶N¢1¶N«
¥ª/j«3½3¬ ¶N«(¾+¤¾~£%¢F¯D«/{¥ª;¯D¥Ò¹X¯N·=j)¹X¯N·ª/¨Oq1¨°%¢¦«%±m¥ª/1¶NÁ¤¢F¯D¥ ¶N«#Å 210 Ðu£=©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«= ·§°/·¥×Ö;¨
£	½M¥ª/ 210 ¿X#¢F¯D¥oÂ¹jª% ©FªO¦«/©¤¢o¯N·o¨O¯N·{¹Ò¤¬¦¬ﬂ°%Á.¥o¶+¥ª/ 210 Ð¶=¯N©¤¥¦»3¦¥å½4§/·°%±P±4·¥¦«%±(¯D«-Ø	°%¦¬¦¦£%¢¦°%¾Å
ºª/{¶N¢¦±P¦«=¶D²¥ª/ 210 Ð¶m©¶N«3¥F¯D¾W¦«;¯D¥ ¶N«¯²¥o¤¢?¥ª/1·¦¬¦ ©¯±4¤¬/£;¯D¥o©oª(¥o·¥? ·?·o¥¦¬¦¬/°%«/¨%¤¢L·¥°/¨½e£%°%¥
¹Ò+£¤¬¦ ¤»4¥ª;¯D¥m¥F¯D«%µ¹jª% ©oª©¶N«	¥F¯D¦«/¨:¥ª/W·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢m²â¶N¢\¥ª/Á%°%¢×Ö;©¯D¥ ¶N«ﬀ¹¯N·m©¶N«	¥F¯D¾W¦«;¯D¥o¨2Å
ºª/:·¦¬¦ ©¯æ±4¤¬\¬ ¶9¶NÁè¥o·¥§¦«/¨%¨2§¹X¯N·-³Ú5©¤ ¤«	¥¶N«%¬¦½"£3½ø¯æ²È¯N©¤¥o¶N¢ ∼ §\¯D«/¨ø¹Ò:³ÀÁR©¤¥o¨y¯D«
¦«/©¤¢o¯N·o¨GÁ%°%¢×Ö;©¯D¥ ¶N«"²È¯N©¤¥o¶N¢WÁ%¢o¶3©·o·o¦«%±:¥ª/.¹jª/¶N¬ .¾5¯N·o·+¦«£;¯D¥o©oª#Å"Æ)«¶N¢o¨%¤¢+¥o¶ﬀ©¤¬Ù¯D¢×²½æ¹jª;¯D¥
¢o¯D¬¦¬¦½Mª;¯DÁ%Á¤«/¨2§/¥ª/m©¶N¬¦¬Ù¯D£¶N¢F¯D¥ ¶N«-¦«	¥o¤«/¨%·1¥o¶W¥o·¥1¯·o©¶N«/¨.¥¦¾+m¥ª/m©¶N¬¦°%¾W«¦«.£;¯D¥o©oª-¾+¶3¨%PÅ
Ã3¦«/©(¹Ò(ª;¯»4(«/¶N¥U½4¤¥U ¨%¤«	¥×Ö;¨G¯OÁ%¢o¶NÁ¤¢e·¥¢F¯D¥o¤±P½:¦«¶N¢o¨%¤¢e¥o¶¢o¨°/©(¦¥o·¯N©¤¥¦»3¦¥å½4§ 210 Ðu£
Ôâ¯D«/¨·o¶ 210 Ð¶	Õj ·¶N«/~¶D²?¥ª/U¾+¶P·¥©¤¢°/©¤Ù¯D¬©¶N«3¥F¯D¾W¦«;¯D«	¥o·\¦«:ÑXºjÓÅáQ«¥ª/~¶N¥ª/¤¢ª;¯D«/¨2§*¹X~ª;¯»4
·¥¦¬¦¬u¥o¶MÁ%¢o¶N£RW¥ª/W¨ ·¥¦¬¦¬Ù¯D¥ ¶N«:¹jª% ©Fªﬀ¹X+©¶N«/· ¨%¤¢m¥o¶M£R¥ª/¾+¶P·¥m³Ú5©¤ ¤«	¥UÁ%°%¢×Ö;©¯D¥ ¶N«ﬀ¥o·¥Â²â¶N¢
·°/©FªO©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«#Å
é1Å=Å¹Û êﬂÌ¤ÏŁëlÍ§ÌÝÜRÉ`ÒlÌ¤ÎÉ
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¦¢o©¤¥¬¦½©¶N¾WÁ;¯D¢o¨B¥o¶(¥ª/U¦«	¥o¤¢«;¯D¬u¢o·o°%¬¦¥o·²¢o¶N¾ã¥ª/e¢F¯N¨Ù¯D¬u¯D«;¯D¬¦½· ·¦«Ìº¯D£%¬ µÅÅ\ºª/e¥o¶N¥F¯D¬
¯N©¤¥¦»9¦¥)½+ ·X¯D¬¦¹X¯½·©¶N«/· ·¥o¤«3¥Ò¹j¦¥ª(¥ª/1¦«3¥o¤¢«;¯D¬*¢F¯D¥o¯DÁ;¯D¢¥¯² ¥o¤¢L¥ª/Q©¶N¬¦°%¾W«(£;¯D¥o©Fª(¥o·¥Ò¹jª/¤¢o1¹X
ª;¯»4U¯D¬¦¢o¯N¨½=°%«/¨%¤¢¬¦¦«/¨¯D«¦«/³Ú5©¤ ¤«/©¤½M¦«¥ª/\¢F¯N¨%¶N«O·o°%£%¥¢F¯N©¤¥ ¶N«#Å
ºª/¤«/¤¢±P½=¯D«;¯D¬¦½· ·X©¶N«Ö/¢¾+·¥ª/Q·¥¢¦Á%Á%¦«%±W³Ú5©¤ ¤«/©¤½+¦« 85 ËÂ¢j¯D«/¨ 39 ¡Q¢Ò¢o¤¾+¶»N¯D¬R£3½(¯Â²È¯N©¤¥o¶N¢
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 ± Å^/Å 39 ¡1¢Â¯N©¤¥¦»3¦¥å½ ·Q·o¥¦¾5¯D¥o¨O£3½O·°%£%¥¢F¯N©¤¥¦«%±=¥ª/ 85 ËÂ¢Q¦«	¥o¤¢«;¯D¬?¯N©¤¥¦»3¦¥å½4§R¨%¤¢¦»4¨O² ¢o¶N¾
¥ª/m¨%¤¬Ù¯½4¨O©¶N¦«/©¤ ¨%¤«/©MÔ º¯D£%¬ ﬁÅ4Õ³§%²¢o¶N¾ ¥ª/ 85 ËÂ¢% 39 ¡1¢j¢F¯D¥oPÅÒÆ)«.¥ª/ÂÖ/¢o·o¥{£;¯D¥o©oª-¹Ò\ ¨%¤«3¥×Ö;¨
¯D«¯N©¤¥¦»3¦¥å½ ^	þ©¶N°%«	¥o·pD¨/¯½èÔâý4ß ÑÅ ù?Å Õ³ÅÆå«æ¥ª/=¨/¯D¥F¯B·F¤¥W¯² ¥o¤¢¥ª/M©¶N¬¦°%¾W«G¦«æ£;¯D¥o©FªyÔ¢°%«
ûþPþÉuPþûÕ1¥ª/U©¶N«3¥F¯D¾W¦«;¯D¥ ¶N«ﬀ¯N©¤¥¦»3¦¥å½¹X¯N·Ø3°;¯D¬¥o¶£Pý ± û+©¶N°%«	¥o·pD¨/¯½O¦«¥ª/m¹jª/¶N¬ e¤«/¤¢±P½
·ÁR©¤¥¢°%¾ÅÆ)¥(¢o¤¾5¯D¦«/¨6©¶N«/·o¥F¯D«	¥.¨°%¢¦«%±¥ª/²â¶N¬¦¬ ¶¹j¦«%±^þﬀ¾+¶N«	¥ª/·:Ô¢°%«ûPþÉu^B4Õ5¹jª/¤«6¹X
¾+¯N·°%¢o¨O¯D«¯N©¤¥¦»3¦¥å½=¬ ·F·j¥ª;¯D«OýPýW©¶N°%«	¥o·pD¨/¯½ﬀÔâý4ß ÑÅ ù?Å Õ³Å
¡·¯D¬¦¢o¯N¨½~¥°%¢«/¨U¶N°%¥¦«~¥ª/ÒÁ%¢o¤»3 ¶N°/·S·°%£/·F©¤¥ ¶N«#§¥ª/X©¶N¬¦°%¾W«¥o·¥ﬂ¦«U¬ ¶3¶NÁe¾+¶9¨%?ª;¯N·¢o¨°/©¨
¥ª/ 210 Ð¶5¯N©¤¥¦»9¦¥)½M£	½¯U²È¯N©¤¥o¶N¢ ∼ Å?ÄQ¤»4¤¢¥ª/¤¬ ·F·§%¦¥{¨%¶9·j«/¶N¥Q¯Ê2©¤¥j¥ª/ 210 ¿X#©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«#Å
ºª/¹¯D¥o¤¢m³À9¥¢F¯N©¤¥ ¶N«Ì¥o·¥o·§2¶N«Ì¥ª/e¶N¥ª/¤¢\ª;¯D«/¨2§#ª;¯»4W¨%¤¾+¶N«/·¥¢F¯D¥o¨ﬀ¯=·¦¾W¦¬Ù¯D¢m³Ú5©¤ ¤«/©¤½¦«
£R¶N¥ª5¥ª/ 210 Ð¶¯D«/¨ 210 ¿X;Á%°%¢×Ö;©¯D¥ ¶N«/·ÅLºª/{¢o¨°/©¤¥ ¶N«=²â¯N©¤¥o¶N¢o·?² ¶N¢Ò¥ª/{¥å¹Ò¶U ·o¶N¥o¶NÁ·§	¦«/¨%¨2§¯D¢o
¦«B¥ª/eÖ/¢o·¥Â¥o·¥ ∼ =¯D«/¨ ∼ þ§R¢o·ÁR©¤¥¦»4¤¬¦½Ì¯D«/¨-¦«B¥ª/W·o©¶N«/¨B¥o·o¥ ∼ 5² ¶N¢Â£R¶N¥ªB¥ª/ ·o¶N¥o¶NÁ·Å
ºª/e·¥¢F¯D¥o¤±P½O¶D²?¦«	¥¢o¶9¨°/©¤¦«%±.«%¦¥¢ ©¯N©¤ ¨O¦«¹X¯D¥o¤¢§R¨°%¢¦«%±M¥ª/~¬Ù¯D¥¥o¤¢¥o·¥§*ª;¯N·¥°%¢«/¨-¶N°%¥¥o¶5£R
¦«/³Ê2©¤¥¦»4PÅ
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¥o·¥1¯D«/¨.¥o¶+¥¢½5²â¶N¢j¥ª/ÂÖ/¢o·¥j¥¦¾+\¦«.¥ª% ·Q©¯D¾WÁ;¯D¦±P«¥ª/\Á%°%¢×Ö;©¯D¥ ¶N«-£	½.¨ ·¥¦¬¦¬Ù¯D¥ ¶N«#Å
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· ·Q¶D²¥ª/UÑXºjÓÉu5¨/¯D¥F¯W©¯D¾WÁ;¯D¦±P«¯D¢o\¥å¹Ò¶D²â¶N¬ ¨§?L¥o¶+ ¨%¤«	¥×² ½M¯N©Fª-©¶N«3¥F¯D¾W×É
«;¯D¥ ¶N«O·o¶N°%¢o©U¯D«/¨.¥o¶W·¥°/¨½=¥ª/\Á%°%¢×Ö;©¯D¥ ¶N«-³Ú5©¤ ¤«/©¤ ·Å
¡Q«;¯D¬¦½9·F·U¶D²{¥ª/(¨%¤¬Ù¯½4¨©¶N¦«/©¤ ¨%¤«/©·ª;¯»4=·°/©©·o·² °%¬¦¬¦½:Ø3°;¯D«	¥×Ö;¨·¦«%±P¬ + ·F¶N¥o¶NÁM¯N©¤¥¦»3¦¥å½4§
¤»4¤«ﬀ¹jª/¤«¦¥m¹X¯N·~¬ ·o·m¥ª;¯D«6û+¤»4¤«	¥UÁ¤¢U¨/¯½^Ô PÅ(±/Å 226 ¼¯4Õ³Å5ºª/5·o¥F¯D¥ ·¥ ©¯D¬Ò¯D«;¯D¬¦½·o·(Ô ¤«/¤¢±P½
¯D«/¨M¢F¯N¨Ù¯D¬ÕXª;¯»4m©¶N«Ö/¢¾+¨.¥ª/\©¶N¦«/©¤ ¨%¤«/©\¢o·°%¬¦¥o·Q¯D«/¨¯D¬¦¬ ¶¹Ò¨O¥ª/Â ¨%¤«	¥×Ö;©¯D¥ ¶N«¶D²¥ª/ 210 Ð¶
©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«#§*¹jª/¶P·o\ª%¦±Pª¯N©¤¥¦»3¦¥å½=¹¯N·{°%«/³ÀÁ©¤¥o¨2Å
ºª/W¾+¯N·o°%¢o¤¾+¤«	¥¶D²X¥ª/W¢F¯D¥o·mª;¯N·m±P¦»4¤«:°/·\¥ª/+Á¶P·o·o¦£%¦¬¦¦¥)½¥o¶·¥¦¾5¯D¥oW¥ª/+³Ú5©¤ ¤«/©¤ ·U¦«
Á%°%¢×² ½3¦«%±=·¦«%±P¬ m ·o¶N¥o¶NÁR·Å 6ª/¤«#§;¶N«-¥ª/~¶N¥ª/¤¢ª;¯D«/¨2§;¥ª/~Á%°%¢×Ö;©¯D¥ ¶N«-¢o·°%¬¦¥o·Q¹Ò¤¢o¯D¾~£%¦±P°/¶N°/·§
¥ª/~¯D«;¯D¬¦½· ·jª;¯N·1¯N¨%¨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Ä¤»4¤¢¥ª/¤¬ ·o·§u¯D¬¦¬?¥ª/=¯D«;¯D¬¦½9·o·UÆª;¯»4(¢o¤Á¶N¢¥o¨ﬀ¦«:¥ª% ·ÑÒª;¯DÁ%¥o¤¢e©¯D«ﬀ£R+·¥¢o¶N«%±P¬¦½Ì¦¾WÁ%¢o¶»4¨
©¯D¬¦¦£%¢F¯D¥¦«%±5¥ª/~¨%¤¥o©¤¥o¶N¢1¹j¦¥ªµ9«/¶¹j«O·F¶N°%¢o©·{¦«O¤«/¤¢±P½¯D«/¨·Á;¯D¥Ù¯D¬ﬂ¢o·o¶N¬¦°%¥ ¶N«#ÅLÓ%°%¢¥ª/¤¢¾+¶N¢oP§R¯
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· ·.¥o©Fª%«% Ø	°/·OÁ%¢o·o¤«	¥o¨8¯D«/¨¥o·¥o¨øª/¤¢oÌ¹j¦¬¦¬m£R:¯N¨%¶NÁ%¥o¨ø²â¶N¢.¥ª/
¿¶N¢o³À9¦«/¶5¨%¤¥o©¤¥o¶N¢Å
ûPûe
w xzy,{.|A}G~ s
 
0  ðÎïﬀ0 öuí ð t ðëîb0íäîö=4/ öuí uwvxu ãíôñ
J


 08óîﬀïæöuí ð47
 6¦¥ª(¥ª/1¢o©¤«	¥Á%¢o¶N±P¢o·o·X¦«5¥ª/1Ö;¤¬ ¨(¶D²#«/¤°%¥¢¦«/¶eÁ%ª3½9· ©·§	¥ª/Â¯N·¥¢o¶NÁ%ª	½· ©·Ø3°/·¥ ¶N«/·X¯N¨%¨¢o·F·o¨
£	½-·o¶N¬Ù¯D¢Â«/¤°%¥¢¦«/¶=·oÁ©¤¥¢o¶P·o©¶NÁ3½Oª;¯»4U¾+¶»4¨B¦«	¥o¶=¥ª/U² ¶9©¤°/·¶D²L¥ª/©¤°%¢¢o¤«	¥\¢o·o¯D¢o©Fª#Å\Æ)«Á;¯D¢¥ ©³É
°%¬Ù¯D¢U¨¦¢o©¤¥U¾+¯N·°%¢o¤¾+¤«	¥o·¶D²{¥ª/WÁ%¢¦¾5¯D¢½ﬀ«/¤°%¥¢¦«/¶.ú/°ÀÌ² ¢o¶N¾Á%Á6ÔÙé%êåé#Õ³§ 7 ¿X=¯D«/¨æÑXÄ\áë¯D¢o5¶D²
² °%«/¨/¯D¾+¤«	¥F¯D¬ﬂ¢o¤¬ ¤»P¯D«/©PÅ
¿¶N¢o³À¦«/¶ ·jÁ%¢¦¾5¯D¢½5±4¶4¯D¬2 ·X¥o¶e¾+¯N·°%¢oÂ¥ª/\·o¶N¬Ù¯D¢ 7 ¿1ú/°À2Å=;¶¹Ò¤»4¤¢§/£¤½4¶N«/¨M¥ª% ·j¶N£©¤¥¦»4P§
¿¶N¢o³À9¦«/¶ª;¯N·S¥ª/ÁR¶N¥o¤«	¥Ù¯D¬%¥o¶Á%¢o¶N£RX·F¶N¬Ù¯D¢«/¤°%¥¢¦«/¶P·u²¢o¶N¾¥ª/Lé%ê)é=²°/· ¶N«Á%¢o¶9©·o·§² ¢o¶N¾8¥ª/1ÑXÄ\á
©¤½©¤¬ ~¯N·j¹Ò¤¬¦¬¯N·j¥ª/\¬ ¶¹¤«/¤¢±P½=Á;¯D¢¥{¶D²S¥ª/ 8 ¿ø£%¢F¯D«/©oª#Å
ºª/e¦«	¥o¤¢F¯N©¤¥ ¶N«ﬀ¢F¯D¥o·² ¶N¢1é%ê)é¯D«/¨:ÑXÄ\áà«/¤°%¥¢¦«/¶P·\¦«Ì¶N¢±	¯D«% ©e·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢mÁ%¢o¨ ©¤¥o¨B£3½¥ª/
¬Ù¯D¥o·¥+¿Ðl^»4¤¢o· ¶N«¶D²¥ª/.·o¥F¯D«/¨/¯D¢o¨·o¶N¬Ù¯D¢+¾+¶9¨%¤¬j£	½¿j¯Dª/©¯D¬¦¬Q¯D«/¨Ðu¦«/·o¶N«%«/¯D°%¬¦¥: þ{¦«G¥ª/
©¤°%¢¢o¤«	¥¬¦½ÌÁ%¢o³²â¤¢¢o¨:ÍÌÃ  ùﬂÍ-¡g·o¶N¬¦°%¥ ¶N«Ì²â¶N¢\¥ª/+·o¶N¬Ù¯D¢\«/¤°%¥¢¦«/¶OÁ%¢o¶N£%¬ ¤¾  
iX¯D¢o¢o·oÁ©¤¥¦»4¤¬¦½
Å¦û~¯D«/¨GÅ5¤»4¤«	¥o·1Á¤¢1¨/¯½M¦«ﬀûW¾+¤¥¢ ©\¥o¶N«/·Q¶D²u¬¦ Ø	°% ¨·F©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢Å :m·ª/¶N°%¬ ¨.°%«/¨%¤¢¬¦¦«/~ª/¤¢o
¥ª;¯D¥W×²Q¥ª/.¨/¯D¥F¯-¢o©¤«3¥¬¦½æ¢o¤¬ ¯N·F¨£	½æ¥ª/=ùﬂÞQÄ¡©¶N¬¦¬Ù¯D£R¶N¢F¯D¥ ¶N«^¶N«G¥ª/ 14 Ä4ÎÁæ² °/· ¶N«G©¤¢o¶P·o·
·o©¤¥ ¶N«6 ýÂ¯D¢o-¥F¯Dµ4¤«"¦«3¥o¶©¶N«/·o ¨%¤¢F¯D¥ ¶N«6 þ`)§¥ª/-³ÀÁ©¤¥o¨øÑXÄÂá¢F¯D¥o·¦±P«%×Ö;©¯D«	¥¬¦½^¨%©¤¢o¯N·F·
¨%¶¹j«-¥o¶¨ÅW¤»4¤«	¥o·1Á¤¢{¨/¯½M¦«:û¥o¶N«/·Å
ºª/~é%ê)éæ«/¤°%¥¢¦«/¶.¤«/¤¢±P½-·ÁR©¤¥¢°%¾t ·¨ ·o¥¦«/©¤¥¦»4P§2¹j¦¥ª:¯(·o¦«%±P¬ =ûPÅ .ÍÈüÝ¾+¶N«/¶9©oª%¢o¶N¾5¯D¥ ©
¬¦¦«/PÅ "ª/¤«ø¨%¤¥o©¤¥o¨6»3Ù¯
ν − e ·o©¯D¥¥o¤¢¦«%±/§{¥ª/-¢o·°%¬¦¥¦«%±G¤«/¤¢±P½^·ÁR©¤¥¢°%¾ ¶D²m¥ª/-·o©¯D¥¥o¤¢o¨
¤¬ ©¤¥¢o¶N«MÁ%¢o·o¤«	¥o·j¯U©oª;¯D¢F¯N©¤¥o¤¢ ·¥ ©~ÑX¶N¾WÁ%¥o¶N«ÉÈ¬¦¦µ4\¨±4Â¯D¥ÂûPÅUÍÈüÅ :1¹j¦¬¦¬*² ¶9©¤°/·X¶N°%¢¯D¥¥o¤«3¥ ¶N«
¶N«¥ª/m¤«/¤¢±P½M¹j¦«/¨%¶¹y²â¶N¢j¥ª/m¢o©¶N¦¬ﬂ¤¬ ©¤¥¢o¶N«-£¤¥å¹Ò¤«9Å þ+¯D«/¨:ûPÅWÍÈü ?²â¶N¢1·F¯Dµ4m¶D²u·¦¾WÁ%¬¦ ©¤¦¥å½4§
¯D¬¦¬{¤»4¤«	¥W¢F¯D¥o·5©¤¦¥o¨ﬀ² ¢o¶N¾òª/¤¢o.¶N«¹j¦¬¦¬j£=¢o³²â¤¢¢o¨¥o¶¥ª% ·+¤«/¤¢±P½ﬀ¹j¦«/¨%¶¹m§Ò°%«%¬ ·F·W¶N¥ª/¤¢¹j ·o
«/¶N¥o¨2Å?ºª/Â³ÀÁ©¤¥o¨M·¦±P«;¯D¬¢F¯D¥omÃ+¦«M¥ª% ·X¹j¦«/¨%¶¹ø²â¶N¢Òé%ê)éB¯D«/¨ÑXÄ\á«/¤°%¥¢¦«/¶P·1©¶N¾~£%¦«/¨M ·ﬃÅ
¤»4¤«	¥o·ÂÁR¤¢Â¨/¯½¦«û+¥o¶N«/·§¶N¢ÂØ3°%¦»N¯D¬ ¤«3¥¬¦½
2.0 × 10−2 ton−1d−1 Ô 1.5 × 10−2 ton−1d−1 ¹jª/¤«
°/·¦«%±+¥ª/Â¾+¶P·o¥{¢o©¤«	¥{¢o¤ÁR¶N¢¥j² ¢o¶N¾ù#ÞÄQ¡è² ¶N¢1¥ª/ 14 Ä6ÁO©¤¢o¶P·F·{·o©¤¥ ¶N«b þ§/ýÕ³Å
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FIG. 2: Cross sections for 11C production as a function of
energy.
ent muon track and the neutron capture on protons in
the scintillator to tag those 11C events on a one-by-one
basis [19]. On the other hand, as suggested by Calaprice,
there is also the possibility of creating a 11C while eject-
ing a deuteron in a (p,d) exchange reaction. The (p,d)
reaction would create an invisible channel for 11C produc-
tion since the nuclide produced through such process can-
not be tagged with the three-fold coincidence mentioned
above. Similarly, reactions triggered by pi mesons can
also produce decays in invisible channels, as explained
later.
Following is a list of the fundamental reactions that can
produce 11C, together with their cross section and refer-
ences to specific studies. For all the reactions with a neu-
tron in the final state, the energy threshold is ∼ 20 MeV
(i.e. the neutron binding energy in 12C).
•
12C(γ,n)11C [27]: the cross section for the γ-ray in-
duced process peaks at 7 mbarn around 23 MeV.
The cross section value in the peak region, rela-
tively large for an electromagnetic interaction, is
due to the nuclear giant dipole resonance [28].
•
12C(n,2n)11C [29]: the cross section has a sharp
peak (17 mbarn) around 33 MeV. At higher ener-
gies, we rely on the set of experimental data by
Kim et al. [29] in the range 40-150 MeV, which is
the only available for energies above 40 MeV. Those
data are affected by a large experimental error, as
high as 40%. As pointed out by the authors, their
results disagree starkly with theoretical expecta-
tions which predict much lower values for the cross
section in the same energy range [30]. Also, we
assume that at energies higher than 150 MeV the
cross section keeps the constant value attained in
the range 70-150 MeV. Uncertainties in the knowl-
edge of the cross section for this process represent
the largest systematic error in our ab initio calcu-
lation of the rate of production of cosmogenic 11C.
We estimate that the systematic error attributable
to this source could reach 50% of the production
rate expected from the 12C(n,2n)11C channel. All
the other cross sections are known with a precision
better than a few percent.
•
12C(p,p+n)11C [31]: the cross section reaches a
peak value of 98 mbarn at 40 MeV, and decreases
to a plateau of 30 mbarn, constant up 1 GeV.
•
12C(p,d)11C [32]: the cross section has a threshold
of 16 MeV and has been measured at 52 and 65
MeV (15 and 10 mbarn respectively). The only
measurement available in the range above 100 MeV
tells us that the cross section is in the range of a
few µbarn, and therefore negligible.
•
12C(pi−,pi−+n)11C [33]: the cross sections exhibits
a broad peak centered around the (3,3) resonance
for the pion-nucleon interaction (see Dropesky et
al. [33]) with a value of 70 mbarn at 190 MeV.
Data are available up to 550 MeV, and show that
the cross section reaches a plateau above 400 MeV.
We assume that the cross section keeps a constant
value at higher energies.
•
12C(pi+,pi+N)11C [33]: the cross section exhibits a
broad resonance peak in the same region, reach-
ing 45 mbarn around 160 MeV. Data are available
up to 470 MeV, and show that the cross section
reaches a plateau above 350 MeV. We assume that
the cross section keeps a constant value at higher
energies. Contrarily to pi−, positive mesons do not
necessarily produce a neutron in the final state: the
N in the final case stands for nucleon and can be
either a proton or a neutron. Due to the possi-
bile charge exhcange occurring in the strong meson-
nucleon interaction, the fragments in the final state
can be either (pi++n) or (pi0+p), the latter having
a threshold of 13 MeV. No data are available on the
relative composition of the final state, but it is ex-
pected from theoretical considerations (see Chivers
et al. in [33]) that the frequency of the invisible
channel, with a proton in the final state, should ac-
count for 2/3 of all the pi+-induced reactions. We
rely on this assumption in our calculations.
The cross sections for all the processes producing 11C
have been compiled using the procedure detailed above
and are shown in figure 2.
We performed a full simulation of muon-induced show-
ers with the particle transport code FLUKA [34]. The
FLUKA code has been used by Wang et al. [17] to cal-
culate the production rate of neutrons by muons in liq-
uid scintillator at several depths, and has been found
to reproduce experimental results very well. Recently,
FLUKA has been used by Kudryavtsev et al. [26] to cal-
culate the distance between the parent muon track and
the point of capture on protons of neutrons produced
in scintillator by muon-induced cascades at Gran Sasso
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FIG. 3: Cumulative range of secondaries generated in muon-
induced showers. Results are quoted in cm of range per meter
of µ track.
depth, and results were found to be in agreement with
the experimental data from the LVD experiment [21].
We used FLUKA to calculate production rates and
ranges of all the prominent secondaries, i.e. protons, neu-
trons, pi mesons, and γ-rays. We simulated showers orig-
inating from negatively charges muons (µ−) at 100 and
190 GeV (the energies of the muon beams for the ex-
periement described in [22]), at 285 GeV (average energy
at Kamioka), at 320 GeV (average energy at Gran Sasso),
and at 350 GeV (average energy at SNOLab). The target
material in the simulation was the solvent of the liquid
scintillator for Borexino, trimethylbenzene (C9H12), with
density 0.88 g/cm3 (incidentally, this makes up 20% of
the solvent used in KamLAND). Results should not vary
greatly with other organic solvents, given that typical
values of density and mass ratio between carbon and hy-
drogen are close to the values of trimethylbenzene. We
tracked muons for 100 meters, and for each of the promi-
nent secondaries we calculated the cumulative range of
the particles as a function of the particle energy with
a 10 GeV cutoff. The results are shown in figure 3 for
particles with energy below 1 GeV.
We then turned to the computation of the 11C produc-
tion rate from each one of the interactions listed above,
for each of the energies of the muons taken into con-
sideration. The production rate has been calculated by
taking the energy convolution, for each of the possible
interactions, of the cross sections with the range of the
secondary particles responsible for inducing that particu-
lar interaction. Results are summarized in table III. The
quoted production rate in the invisible channels rate has
been calculated by adding the rate from the 12C(p,d)11C
reaction to 2/3 of the rate from the 12C(pi+,pi+N)11C re-
action. The error quoted in table III accounts for the
systematic error, which is dominated by the uncertainty
in the knowledge of the cross section for the process
12C(n,2n)11C. Our best estimate for the systematic er-
ror is 50% of the production rate in such channel, which
TABLE III: Production rates for 11C in muon induced show-
ers. The calculated total production rates are compared with
the experimental values available at 100 and 190 GeV from
Ref. [22], and with the extrapolated values at the mean muon
energy for KamLAND and Borexino (also from Ref. [22]) and
at SNOLab. The procedure used to determine the expected
rate from the invisible channels and the systematic error af-
fecting our calculation are outlined in the text.
Eµ [GeV] 100 190 285 320 350
Rate
Process [10−4/µ/m]
12C(p,p+n)11C 1.8 3.2 4.9 5.5 5.6
12C(p,d)11C 0.2 0.4 0.5 0.6 0.6
12C(γ,n)11C 19.3 26.3 33.3 35.6 37.4
12C(n,2n)11C 2.6 4.7 7.0 8.0 8.2
12C(pi+,pi+N)11C 1.0 1.8 2.8 3.2 3.3
12C(pi−,pi−+n)11C 1.3 2.3 3.6 4.1 4.2
Invisible channels 0.9 1.6 2.4 2.7 2.8
Total 26.0 38.8 52.0 57.1 59.4
1σ systematic 1.3 2.4 3.5 4.0 4.1
Measured 22.9 36.0
1σ experimental 1.8 2.3
Extrapolated 47.8 51.8 55.1
is between 5% and 7% of the total production rate de-
pending on the energy. The fractional statistical error
associated with our Monte Carlo calculation is 0.6% and
is negligible with respect to the systematic error.
The total calculated rate is in good agreement, within
the experimental and sytematic uncertainties, with ex-
perimental values at the energies of 100 and 190 GeV.
The calculated rates at the energies of 285, 320, and 350
GeV, although higher than the extrapolated values by
between one and two times the systematic error, are still
in good agreement with them.
We also calculated the production rates for positively
charged muon (µ+) at 320 GeV. The difference in the
production of 11C, for all of the channels in considera-
tion, by µ+ and µ− at the energy of 320 GeV is within
the statistical error of our Monte Carlo calculation. We
conclude that the dependence of the cross section for 11C
production on the sign of the charge of the muons is neg-
ligible within the scope of the study we present in this
paper.
As shown in figure 3, the particle content of muon-
induced showers is, as expected [35], dominated by γ-
rays. In particular, at the resonant energy for the giant
dipole resonance of 12C - 23 MeV - the cumulative range
of γ-rays is three orders of magnitude larger than the cor-
responding values for neutrons, and five orders of magni-
tude larger than for other hadrons. As a consequence of
this fact, the dominant process for the production of 11C
nuclides is the (γ,n) exchange reaction, accounting for
∼60% of the total production rate. Other channels with
a neutron in the final state account for an additional 35%
of the total production rate. The rate of 11C production
in the two invisible channels, corresponding to the (p,d)
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°/©¨.¦«O¯N·F·o¶3©¤Ù¯D¥ ¶N«O¹j¦¥ª 11 Ñ6«	°/©¤¬¦ ¨%·Å
ºª/M¨ ·¥¢¦£%°%¥ ¶N«·ª/¶¹j«¦«æÓ¦±P°%¢oÅ B¹X¯N·°/·o¨¥o¶-·F¶N°%¢o©(«/¤°%¥¢o¶N«/·¦«¯-·o©¶N«/¨ÓSù#ÞQË\¡
û^
ÑÒª;¯DÁ%¥o¤¢?(ºª/m¿¶N¢o³À9¦«/¶5Ð¶N¥o¤«3¥Ù¯D¬¦«=é%êåé:¯D«/¨-ÑXÄ\á8Ä¤°%¥¢¦«/¶P·
·¦¾U°%¬Ù¯D¥ ¶N«#§/¹jª% ©oªO¹X¯N·{°/·F¨M¥o¶W©¶N¾WÁ%°%¥o\¥ª/m¨ ·¥¢¦£%°%¥ ¶N«O¶D²S¥ª/Â¢F¯D«%±4m¶D²S«/¤°%¥¢o¶N«/·{Á%¢o¶9¨°/©¨.¦«
¯N·o·o¶9©¤Ù¯D¥ ¶N«¹j¦¥ª 11 Ñ§;¯N·1·ª/¶¹j«¦«Ó¦±P°%¢oÅÅ
ºª/e¯»4¤¢F¯D±4¤«/¤¢±P½¶D²u«/¤°%¥¢o¶N«/·QÁ%¢o¶9¨°/©¨¦«B¯N·o·o¶9©¤Ù¯D¥ ¶N«O¹j¦¥ª 11 Ñø ·{¾U°/©oªB¬ ¶¹X¤¢Q¥ª;¯D«-¥ª/
¯»4¤¢F¯D±4Q¤«/¤¢±P½e¶D²#¯D¬¦¬/«/¤°%¥¢o¶N«/·LÁ%¢o¶3¨°/©¨W¦«W¾U°/¶N«ÉÈ¦«/¨°/©¨(·oª/¶¹Ò¤¢o·i?¥ª% ·? ·?¨°/j¥o¶Â¥ª/{¨%¶N¾W¦«;¯D«3¥
Á%¢o¶9¨°/©¤¥ ¶N«¾+©oª;¯D«% ·¾£¤¦«%±W¥ª/\Á%ª/¶N¥o¶DÉÈ«/¤°%¥¢o¶N«-¢o¯N©¤¥ ¶N«-¯D¥j¥ª/Â±PÙ¯D«	¥Q¨¦Á¶N¬ Â¢o·o¶N«;¯D«/©~¶D² 12 Ñ
¯D¥FWÍÈüÅ
ÑX¶N¢¢o·ÁR¶N«/¨¦«%±P¬¦½4§N¥ª/L¯»4¤¢F¯D±4?¢F¯D«%±4L¶D²«/¤°%¥¢o¶N«/·S¯N·o·o¶9©¤Ù¯D¥o¨\¹j¦¥ª 11 ÑÁ%¢o¶9¨°/©¤¥ ¶N«~ ·ﬂ¯D¬ ·F¶j¾~°/©Fª
¬ ¶¹X¤¢\¥ª;¯D«B¥ª/¯»4¤¢F¯D±4¢F¯D«%±4¶D²X¯D¬¦¬S¥ª/~«/¤°%¥¢o¶N«/·\Á%¢o¶9¨°/©¨¦«-¥ª/·ª/¶¹Ò¤¢Å> :W¯D¬ ·o¶(«/¶N¥oe¥ª;¯D¥
¯5«/¤°%¥¢o¶N«:©¤¢o¯D¥o¨-¦«Ì¯N·o·o¶9©¤Ù¯D¥ ¶N«B¹j¦¥ª:¯ 11 Ñè«	°/©¤¬¦ ¨%Á%¢o¶9¨°/©¤¥ ¶N«Ì©¯D«¥¢¦±P±4¤¢Â«3°/©¤¬ ¯D¢\¢o¯N©¤¥ ¶N«/·
µ9«/¶3©Fµ3¦«%±~¶DÊ.¶N¥ª/¤¢?«/¤°%¥¢o¶N«/·?¶N°%¢L©¯D¬ ©¤°%¬Ù¯D¥ ¶N«(±P¦»4·Ò¯D«5¯»4¤¢F¯D±41«	°%¾U£¤¢X¶D²SûPÅ«/¤°%¥¢o¶N«/·Ò©¯DÁ%¥°%¢o¨
ÁR¤¢~«/¤°%¥¢o¶N«/·Á%¢o¶9¨°/©¨ﬀ¦«G¯N·o·o¶9©¤Ù¯D¥ ¶N«¹j¦¥ªG¯ 11 Ñ÷«	°/©¤¬¦ ¨%PÅGjÃ9©¶N«/¨Oq5«/¤°%¥¢o¶N«/·W©¯D«G¯ÊR©¤¥U¥ª/
¥ª%¢o³Éâ²â¶N¬ ¨.©¶N¦«/©¤ ¨%¤«/©\³Ú5©¤ ¤«/©¤½(·¦«/©¥ª/¤½+Á%¢o¶9¨°/©m¯D«/¶N¥ª/¤¢ 11 Ñ«3°/©¤¬¦ ¨%m¯²¥o¤¢X¥ª/¥¦¾+±	¯D¥o¶D²
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µ
É
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©¶N¦«/©¤ ¨%¤«/©~ ·{©¤¬ ¶P·o¨2Å
ºª/³Ú5©¤ ¤«/©¤½
ε
¦«U¢oZ©¤¥¦«%± 11 Ñﬀ¤»4¤«	¥o·u¥F¯D±P±4¨e¹j¦¥ªW¥ª/X©¶N¦«/©¤ ¨%¤«/©j¾~°/¶N«IQ«/¤°%¥¢o¶N«+ ·uØ3°;¯D¬
¥o¶¥ª/m©¶N¾U£%¦«/¨O³Ú5©¤ ¤«/©¤ ·1² ¶N¢j¥ª/m©¤°%¥j¦«-·Á;¯N©P§
ξ(r)
§/¯D«/¨.¦«.¥¦¾+P§
η(t)
?
ε(r, t) = ξ(r) × η(t) ÔÅ¦ûÕ
¹jª/¤¢o
η(t)
 ·{¥ª/m³Ú5©¤ ¤«/©¤½M² ¶N¢j¥ª/m¢oZ©¤¥ ¶N«¶D² 11 Ñø¤»4¤«	¥o·1¹jª/¤«¯©¤°%¥{¦«¥¦¾+\² ¶N¢Q¯e¥¦¾+U·Á;¯D«
Ø3°;¯D¬;¥o¶¨&S ·L¯DÁ%Á%¬¦ ¨M¯D¢o¶N°%«/¨+¥ª/1«/¤°%¥¢o¶N«(©¯DÁ%¥°%¢oQÁ¶N¦«3¥Å¦»4¤«5¥ª/Q³À9ÁR©¤¥o¨+¨%©¯½+¨ ·o¥¢¦£%°%¥ ¶N«
¶D² 11 Ñ§¹Òm¶N£%¥F¯D¦«)?
η(t) = 1− e−t/τ ÔÅ4Õ
¹jª/¤¢o
τ
 ·Q¥ª/e¾+¯D«Ì¬¦×²â¶D² 11 Ñ§ =¾W¦«	°%¥o·Å ξ(r)
§R¦«ÌØ	°;¯D¥ ¶N«bÅ¦ûP§R ·Â¥ª/e¢oZ©¤¥ ¶N«:³Ú5©¤ ¤«/©¤½
²â¶N¢ 11 Ñø¹jª/¤«Ì¯W©¤°%¥1¦«·Á;¯N©m ·Â¯DÁ%Á%¬¦ ¨-¯D¢o¶N°%«/¨-¥ª/m«/¤°%¥¢o¶N«B©¯DÁ%¥°%¢oUÁ¶N¦«3¥§*©¶N¢¢o·ÁR¶N«/¨¦«%±=¥o¶(¯
·Á%ª/¤¢om¶D²S¢F¯N¨¦°/·>m©¤«	¥o¤¢o¨¯D¢o¶N°%«/¨¥ª/m©¯DÁ%¥°%¢o\ÁR¶N¦«	¥1Á¶P·¦¥ ¶N«#Å
¦»4¤«¥ª/M¨ ·¥¢¦£%°%¥ ¶N«û!
å
mræM²â¶N¢U¥ª/=¢F¯D«%±4.¶D²1«/¤°%¥¢o¶N«/·§?¥ª/M³Ú5©¤ ¤«/©¤½:²â¶N¢¥ª/(¢oZ©¤¥ ¶N« ·
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ξ(r) =
∫ r
0 n(s)ds∫∞
0 n(s)ds
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Å?WÓ%¢F¯N©¤¥ ¶N«G¶D²{¥ª/(¨%¯N¨»4¶N¬¦°%¾+³ÉÈ¥¦¾+=¦«æ¶N¢o¨%¤¢e¥o¶O¢o¯N©oª¥ª/=©¶N¢¢o·Á¶N«/¨%¤«3¥W·¦±P«;¯D¬×ÉÈ¥o¶DÉ
£;¯N©oµ9±P¢o¶N°%«/¨¢F¯D¥ ¶%ÅXÑ£;¯N©Fµ3±P¢o¶N°%«/¨O ·{¯N·o·°%¾+¨M¦«.¥ª/Qé%êåé:¯D«/¨OÑXÄ\á«/¤°%¥¢¦«/¶P·1¤«/¤¢±P½=¢F¯D«%±4µÅ þ
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°;¯D¬¯N©¤¥¦»3¦¥å½(² ¢o¶N¾ë¥¢F¯N©m©¶N«3¥F¯D¾W¦«;¯D¥ ¶N«¶D²ÅW¤»4¤«	¥o·pD¨/¯½4Å
R(r, t) =
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Bt + BC11 × (ε(r, t) + α)
ÔÅ 3Õ
¹jª/¤¢o


 ·¥ª/L«/¤°%¥¢¦«/¶Â·¦±P«;¯D¬È§
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¯D«/¨
Bt
¥ª/ 11 Ñ¯D«/¨~¥¢F¯N©X©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«/·§4¢o·ÁR©¤¥¦»4¤¬¦½4§
¯D«/¨
α ∼ Å ·j¥ª/Â² ¢F¯N©¤¥ ¶N«O¶D² 11 Ñ6Á%¢o¶9¨°/©¤¥ ¶N«¢F¯D¥o\¦«¦«3»3 ·¦£%¬ ~©oª;¯D«%«/¤¬ ·Å
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°/+¥o¶
¥ª/5·oÁ;¯N©5¯D«/¨:¥¦¾+(©¤°%¥o·U¯D¢o¶N°%«/¨¯.«/¤°%¥¢o¶N«æ©¯DÁ%¥°%¢o(¤»4¤«	¥Å.º#¢o¯D¥¦«%±
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»P¯D¢Ù¯D£%¬ ·§R&u¯D«/¨mÂ©¯D«+£Rj¨%¤¢¦»4¨+£	½¦«3»4¤¢¥¦«%±UØ3°;¯D¥ ¶N«/·Åm¯D«/¨Å§	¢o·ÁR©¤¥¦»4¤¬¦½4ÅÕ :1©¯D«+¥ª/¤«
©¶N¾WÁ%°%¥o(¥ª/+¨%¯N¨:¾5¯N·o·ÉÈ¥¦¾+W² ¢F¯N©¤¥ ¶N«
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¯D«/¨O¯N·?
D(r, t) = 1− e( rR )3· tT ·N ÔÅ4Õ
¹jª/¤¢oß ·U¥ª/(«	°%¾~£R¤¢+¶D²{«/¤°%¥¢o¶N«/·e¦«¥ª/(¥¦¾+=¶D²1¶N£/·o¤¢»N¯D¥ ¶N«pà¦«æ¥ª/5¨%¤¥o©¤¥o¶N¢Ô¤Ùg ·U¥ª/
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α

β
¥o·¥o·§ﬂ£%¬Ù¯N©oµ4¶N°%¥o·§¶N¢
¾5¯D«%¦Á%°%¬Ù¯D¥ ¶N«/·X¶D²*¥ª/{·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢L¶9©©¤°%¢¢o¨2ÅuÍ-¶N¢o¶»4¤¢1û¢°%«/·u¹j¦¥ª(¯D«5¯D«/¶N¾5¯D¬ ¶N°/·Lª%¦±Pª+«/¤°%¥¢o¶N«É
¬¦¦µ45©¯DÁ%¥°%¢o(¢F¯D¥o-Ô£R¤¥)¹X¤«,ÉFûO©iD¨;ÕÂª;¯»45£R¤«¨ ·o©¯D¢o¨%¨2Å.ºª/(¨ ·o©¯D¢o¨%¨:¢°%«/·¯D¢o+¬¦ ·o¥o¨:¦«
º¯D£%¬ U¿ÂÅ¦ûPÅ
u« 11  edv*du#vloh{nv*duRcUnel;Â}Ud
ºª/©¶P·¾W ©e¾~°/¶N«/·m¯D«/¨¥ª/¤¦¢\·o©¶N«/¨/¯D¢½OÁ;¯D¢¥ ©¤¬ ·mÁ%¢o¶3¨°/© 11C
¦«¥ª/·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢\¥ª%¢o¶N°%±PªB¥ª/
«/¤¥{¢o¯N©¤¥ ¶N«)?
µ +12 C → n +11 C. Ô¤
9Å¦ûÕ
ºª/{©¶P·o¾W ©j¾~°/¶N«/·X¯D¢o{·o¤¬ ©¤¥o¨5¯D¾+¶N«%±m¥ª/1¤»4¤«	¥o·?¥F¯D±P±4¨+£	½¥ª/¾~°/¶N«(»4¤¥o¶\¹jª% ©oª5· ¯D¥°%¢F¯D¥o·
¥ª/\¤¬ ©¤¥¢o¶N«% ©·Å?ºª/~³Ú5©¤ ¤«/©¤½( · ∼ ûPÅ?¡¥1¯e¨%¤Á%¥ªO¶D²=Pþe¾~¹ÒP§;¹jª/¤¢oÂ¥ª/\¨%¤¥o©¤¥o¶N¢{ ·¬ ¶9©¯D¥o¨2§
©¶P·¾W ©¾~°/¶N«/·Xª;¯»4m¯D«M¯»4¤¢F¯D±4\¤«/¤¢±P½5¶D² 〈Eµ〉 =  ±  stat. ± ûPû syst. ÂÈü Ôâ¯N·X¾+¯N·°%¢o¨=£3½+¥ª/
Í¡1ÑX¼já÷©¶N¬¦¬Ù¯D£¶N¢F¯D¥ ¶N«¦ûÕj¯D«/¨.¥ª/¤½=Á%¢o¶3¨°/©m¤«/¶N°%±PªO¬¦¦±Pª	¥1¥o¶eÖ/¢om¥ª/
µ
É)¨%¤¥o©¤¥o¶N¢Å
Æå«=¯~·o©¶N«/¨(·o¥o¤Á#§4¥ª/Q¾~°/¶N«ÉÈ¦«/¨°/©¨M«/¤°%¥¢o¶N«=¦«	¥o¤¢F¯N©¤¥o·X¹j¦¥ª(¥ª/1ª	½¨¢o¶N±4¤«.¶D²#¥ª/1·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢
¹j¦¥ª-¯©¯DÁ%¥°%¢o~¥¦¾+m¶D² ∼  µ ·{¥ª%¢o¶N°%±Pª¥ª/\¢o¯N©¤¥ ¶N«
n + p→ d + γ Ô¤
9Å4Õ
Á%¢o¶9¨°/©¤¦«%±¥ª/M©Fª;¯D¢F¯N©¤¥o¤¢ ·¥ ©
γ2.2MeV
ÅBºª/
γ2.2MeV
·e¯D¢o=¥F¯D±P±4¨æ£	½æ¶NÁ¤«%¦«%±:¯O±	¯D¥oÌÔû
µ
·UÉ
ûe¾+· Õ1²â¶N¬¦¬ ¶¹j¦«%±¥ª/W¨%¤¥o©¤¥ ¶N«:¶D²X¥ª/¾~°/¶N«#Åºª/W¤«/¤¢±P½·oÁ©¤¥¢°%¾¶D²X¥ª/W·o¶M·o¤¬ ©¤¥o¨
γ2.2MeV
Ô Ó¦±P°%¢o®
9Å4Õm ·U¥ª/(·°%ÁR¤¢ÁR¶P·¦¥ ¶N«#§u¯N·U³ÀÁ©¤¥o¨2§u¶D²{¥å¹Ò¶©¶N¾WÁ¶N«/¤«3¥o·?W¥ª/5²°%¬¦¬X¤«/¤¢±P½ﬀ¨%¤ÁR¶P·¦¥o·
¯D¥>Å5ÍÈü ¯D«/¨-¬ ¶¹X¤¢m¤«/¤¢±P½¥F¯D¦¬S¶D²ÑX¶N¾WÁ%¥o¶N«Ì·o©¯D¥¥o¤¢o¨Ì¯D«/¨OÁ;¯D¢¥Ù¯D¬¦¬¦½·o©¯DÁ¨-±	¯D¾W¾5¯N·Åºª/
©¯DÁ%¥°%¢o\¥¦¾+m¶N£%¥F¯D¦«/¨²¢o¶N¾ë¥ª/\Ö/¥{¥o¶¥ª/m¨ ·¥¢¦£%°%¥ ¶N«¶D²SÓ¦±P°%¢oﬁ
9Åe ·?
τ = 214 ± 11µs. Ô¤
9Å4Õ
ºª/ 11C β+
¨%©¯½ ·Â©oª;¯D¢F¯N©¤¥o¤¢¦­¨Ì£3½B¯5¬ ¶N«%±.¾+¯D«B¬¦×² ¶D²
τ
ßPýÅ =¾W¦«#ÅUÆ)«B¶N¢o¨%¤¢Â¥o¶=¥F¯D±
¦¥§2¯+¥¦¾+U±	¯D¥o¶D²(¾W¦«Ô ∼ û τ Õj ·Â¶NÁR¤«/¨¯² ¥o¤¢Â¯N©oªÌ¨%¤¥o©¤¥o¨ γ2.2MeV ¹j¦¥ª¸Y¦ëûPÅ þ5ÍÈü
¦«B¶N¢o¨%¤¢Q¥o¶(¦«/©¤¢o¯N·oU¥ª/e·F¤¬ ©¤¥ ¶N«¶D²?¥ª/e¶N«%¬¦½O©¶N«	¥F¯D¦«/¨Ì¤»4¤«3¥o·Åºª/U³Ú5©¤ ¤«/©¤½
εγ2.2MeV
¶D²?¥ª/
γ2.2MeV
·o¤¬ ©¤¥ ¶N«Oª;¯N·j£¤«-¨%¤¢¦»4¨.£	½¯Í¶N«	¥oUÑ¯D¢¬ ¶+·o¦¾~°%¬Ù¯D¥ ¶N«-³ÀÁ%¬Ù¯D¦«/¨¦«-Ã9©¤¥ ¶N«:ÅÅ
ºª/eÁR¶P·¦¥¢o¶N«¨%¤ÁR¶P·¦¥o·Â¤«/¤¢±P½¦«B¥ª/e·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢\£R¤¥)¹X¤«b(¯D«/¨<Å ý=Í-)ü ¯D«/¨Ì¯D«%«%¦ª%¦¬Ù¯D¥o·
ûû
ÑÒª;¯DÁ%¥o¤¢
O?(Æ)«·¦¥° 11 ÑøÁ%¢o¶3¨°/©¤¥ ¶N«£3½.©¶P·¾W © µ
¦«-ÑXºjÓ
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Ó¦±P°%¢o®
9Å?Ó¦¥U¶D²j¥ª/=©¯DÁ%¥°%¢o5¥¦¾+5¦«ﬀ¥ª/BÔ«#§ Á*ÕÂ¢o¯N©¤¥ ¶N«¯D«/¨ﬀ¤«/¤¢±P½:·oÁ©¤¥¢°%¾ ¶D²
γ2.2MeV
 ·
² ¢o¶N¾q¾~°/¶N«ÉÈ¦«/¨°/©¨æ«/¤°%¥¢o¶N«²¢o¶N¾òÑXºjÓÅﬂºª/(¬ ¶N«%±O¬ ¶¹g¤«/¤¢±P½Ì¥F¯D¦¬L ·U¨°/+¥o¶
γ2.2MeV
 ·~¹jª% ©Fª
·o©¯DÁRÂ¥ª/\»4·o·o¤¬ÈÅ
¹j¦¥ª:¥ª/+¤¾W ·F· ¶N«¶D²¥)¹X¶±	¯D¾W¾5¯N·e¶D²ﬃÅûPû+ÍÈüÅ#ºª/(¨%¤¥o©¤¥o¶N¢~¾+¯N·°%¢o·~¥ª/W¥o¶N¥F¯D¬L¨%¤ÁR¶P·¦¥o¨
¤«/¤¢±P½4§3ÈÅ PÅ¦§	¦«(¥ª/{¢F¯D«%±4A¦ûPÅÂÉXûPÅ ýPþRÍ-)üeÅ3¡·¾5¯D¬¦¬*¨ ·o¥o¶N¢¥ ¶N«5¦«5¥ª/Q¤«/¤¢±P½+·ÁR©¤¥¢°%¾ ª;¯DÁ%ÁR¤«/·
¹jª/¤«¯
γ0.511MeV
·F©¯DÁ·.¥ª/B»4·F·o¤¬ÈÅë¡
γ0.511MeV
ª/¶¹Ò¤»4¤¢ª;¯N·O¯æ¾+¯D«² ¢oBÁ;¯D¥ª¦«¥ª/
·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢¶D²ﬂ¶N«%¬¦½ ∼ 
\©¤¾ë¯D«/¨(¯~¢F¯N¨Ù¯D¬©¤°%¥X¶D²þ~©¤¾g¯D¢o¶N°%«/¨=¥ª/1©¤«	¥o¤¢j¶D²#¥ª/1»4·o·o¤¬*©¤¾ë¯»4¶N ¨%·
·°/©FªO¨ ·¥o¶N¢¥ ¶N«#Å
Æå«(¶N¢o¨%¤¢X¥o¶~¾5¯À¦¾W¦­Q¥ª/Q·¦±P«;¯D¬×ÉÈ¥o¶DÉÈ£;¯N©Fµ3±P¢o¶N°%«/¨M¢F¯D¥ ¶%§¨°/Q¥o¶m¥ª/QÁ%¢o·o¤«/©¶D²ﬂ¶N¥ª/¤¢X©¶N«3¥F¯D¾É
¦«;¯D«	¥o·e¬¦¦µ4 210Bi
§ 214Bi
¯D«/¨ 40K
§S¯¾+¶N¢o(¢o·¥¢ ©¤¥¦»4=¤«/¤¢±P½:¢F¯D«%±4(¨%³Ö/«%¦¥ ¶N«æ ·¯DÁ%Á%¬¦ ¨§?¥ª/
¯D«;¯D¬¦½9­¨¤«/¤¢±P½M¢o¤±P ¶N«b¦ûPÅ¦ûÂÉ1ûPÅÍÈü÷©¶N¬¦¬ ©¤¥o·j¥ª/
εen
÷þ4ßg¶D² 11C
¨%©¯½·Å
r¶
Ł
v*äne{\x;lFx
ºª/M¯D«;¯D¬¦½9·o·W¯D¢o(Á¤¢²â¶N¢¾+¨¶N«¥ª/=¥¦¾+=¤»4¶N¬¦°%¥ ¶N«¶D²{¥ª/(¤»4¤«3¥o·¦«¥ª/ 11C
¤«/¤¢±P½:¹j¦«/¨%¶¹
¯N·o·°%¾W¦«%±=¯N·j¢o³² ¤¢o¤«/©m¥ª/\ü¡	y¥¦¾+~¶D²¥ª/
γ2.2MeV
¤»4¤«3¥1¹jª% ©Fª-¶NÁR¤«/·j¥ª/Â¥¦¾+\±	¯D¥oPÅ
ºª/\Á%°%¢ÁR¶P·o·{¶D²S¥ª/~¯D«;¯D¬¦½·o·1¯D¢o\¥å¹Ò¶D²â¶N¬ ¨§?
• ©¶N«Ö/¢¾W¦«%±(¥ª/\Á%¢o·o¤«/©m¶D²S¥ª/ 11C ¤»4¤«3¥o·{£	½=Ö/¥¥¦«%±+¥ª/¤¦¢1¾+¯D«¬¦×² 
• ·¥¦¾5¯D¥¦«%±(¥ª/Â«	°%¾U£¤¢¶D²Á%¢o¶9¨°/©¨ 11C Å
û
ÑÒª;¯DÁ%¥o¤¢
O?(Æ)«·o¦¥° 11 Ñ"Á%¢o¶3¨°/©¤¥ ¶N«-£	½M©¶P·¾W © µ
¦«-ÑXºjÓ
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ÅÇÆlÅrÄ ~
<A#<l<GŁ,Í§ÐÍ§ÌìÉ`ËrÉOôïlÜÎÜRÊOÎË¤ÏŁÐÏ)íAÌrË¤íÜÎËuÓvÜ
τ
ºª/¨jÈÖ/¢o·¥e¤»4¤«3¥q=¯D«;¯D¬¦½· ·~ ·e£;¯N·o¨¶N«¥ª/=·o¤¬ ©¤¥ ¶N«¶D²1¥ª/5Ö/¢o·¥U¤»4¤«3¥e¦«æ¥¦¾+5² ¶N¬¦¬ ¶¹j¦«%±B¯N©Fª
γ2.2MeV
¨%¤¥o©¤¥o¨U¹j¦¥ª%¦«e¥ª/?¢F¯N¨Ù¯D¬3©¤°%¥Å)jåº#¢°/pqÂÔ 11 ÑjÕ#¤»4¤«	¥o·²â¶N¬¦¬ ¶¹ﬀ¥ª/Ò¨%©¯½~¨ ·o¥¢¦£%°%¥ ¶N«#Åºª/¤½
©¯D«W£Rj¨ ·o©¤¢¦¾W¦«;¯D¥o¨W² ¢o¶N¾÷¢F¯D«/¨%¶N¾à©¶N¦«/©¤ ¨%¤«/©·ÂÔäjÈ²â¯D¬ ·opqÇÕ¹jª% ©FªW²â¶N¬¦¬ ¶¹¥ª/jÐ¶N ·o·o¶N«5¨ ·o¥¢¦£%°%¥ ¶N«#Å
 :m©¯D«O ¨%¤«	¥×² ½(¥ª%¢oU·o¤¥o·j¶D²S¤»4¤«3¥o·?
• ¥¢°/GÔ¤s1Õ(¯D«/¨^²â¯D¬ ·oæÔ  Õ(¤»4¤«	¥o·.©¶N°%Á%¬ ¨6¥o¶¥ª/² ¢F¯N©¤¥ ¶N«÷Ô α Õ(¶D² γ2.2MeV ·=¶N¢¦±P¦«;¯D¥o¨ø£	½
«/¤°%¥¢o¶N«·Á;¯D¬¦¬Ù¯D¥ ¶N«¦« 11C
Á%¢o¶9¨°/©¤¥ ¶N«&
• ¤»4¤«3¥o·+Ô  Õ{©¶N°%Á%¬ ¨-¥o¶5¥ª/~¢o·o¥ÔûmÉ α Õ{¶D²?¥ª/e¨%¤¥o©¤¥o¨ γ2.2MeV ·§* ¨%¤«	¥×Ö*¯D£%¬ +¯N·Q¢F¯D«/¨%¶N¾
©¶N¦«/©¤ ¨%¤«/©·Å
ºª/\Á%¢o¶N£;¯D£%¦¬¦¦¥å½.¥o¶W¨%¤¥o©¤¥¯D«¤»4¤«	¥Q£¤¬ ¶N«%±P¦«%±5¥o¶+·o¤¥	sÝÔ ¶N¢

Õ{¯D¥j¥¦¾+
t1
 ·{©¶N¾WÁR¶P·o¨.£	½@?
• ¥ª/\Á%¢o¶N£;¯D£%¦¬¦¦¥å½.¥o¶Wª;¯»4m«/¶W¢F¯D«/¨%¶N¾¤»4¤«	¥1£³²â¶N¢o t1 ?
P1 = e
−b t1
Ô¤
9Å 3Õ
¹jª/¤¢o£À\ ·j¢F¯D¥o\¶D²S¥ª/\¢F¯D«/¨%¶N¾ 
• ¥ª/\Á%¢o¶N£;¯D£%¦¬¦¦¥å½.¥o¶Wª;¯»4m«/¶ 11C ¤»4¤«	¥1£³²â¶N¢o t1 ?
P2 = e
−t1/τ
Ô¤
9Å4Õ
¹jª/¤¢o
τ
 ·j¥ª/ 11C
¾+¯D«¬¦×²âO
• ¥ª/\Á%¢o¶N£;¯D£%¦¬¦¦¥å½.¥o¶Wª;¯»4U¯ 11C ¤»4¤«	¥1¦« t1 ?
P3 =
1
τ
Ô¤
9Å4Õ
• ¥ª/\Á%¢o¶N£;¯D£%¦¬¦¦¥å½.¥o¶Wª;¯»4U¯e¢F¯D«/¨%¶N¾Î¤»4¤«	¥1¦« t1 ?
P4 = b
Ô¤
9Åd
PÕ
ºª/\Á%¢o¶N£;¯D£%¦¬¦¦¥å½.¢o¤¬Ù¯D¥o¨.¥o¶+·o¤¬ ©¤¥1¯D«O¤»4¤«3¥{£R¤¬ ¶N«%±P¦«%±5¥o¶W·o¤¥

 ·{Ð¶N ·o·o¶N«%Ù¯D«)?
P5 = b · e−bt1 . Ô¤
9Å þ4Õ
ÑX¶N¾WÁR¶P·¦«%±(¯D«/¨·o°%¾W¾W¦«%±(¯D¬¦¬#¥ª/ÂÁ%¢o¶N£;¯D£%¦¬¦¦¥ ·§;¥ª/ÂÖ/«;¯D¬ﬂ¨ ·¥¢¦£%°%¥ ¶N«- ·{¨%³Ö/«/¨.£	½@?
P (α, τ, b) = α · P1 · P2 · (P3 + P4) + (1− α) · P5 Ô¤
9Å ý4Õ
= α (b + 1/τ) e−(b+1/τ) t + (1− α) b e−b t
û
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Ó¦±P°%¢oﬁ
9Å? Ó¦¥{¶D²S¥ª/jÈÖ/¢o·¥{¤»4¤«	¥o·q\· ¯D¾WÁ%¬ \¦«-¯·Á%ª/¤¢ ©¯D¬ﬂ©¤°%¥¯D¢o¶N°%«/¨.¥ª/
γ2.2MeV
¶D²Åd
U¾Å
¯D«/¨2§/¨%³Ö/«%¦«%±+¥ª/m«	°%¾~£R¤¢Q¶D²u¤»4¤«	¥o·­ß
Ú
¥ª/ÂÖ/¥{²°%«/©¤¥ ¶N« ·i?
F (N,α, τ, b) = N × P (α, τ, b). Ô¤
9Å¦û4Õ
ºª/\¢F¯D¥oÀ~¶D²S¢F¯D«/¨%¶N¾Î©¶N¦«/©¤ ¨%¤«/©·Q ·jÖ%À%¨M¦«¥ª/ÂÖ/¥UÔ Ó¦±P°%¢oA
9Å4Õ¥o¶W¥ª/\¾+¯N·°%¢o¨.¢F¯D¥o~¦«.¥ª/
¥¦¾+m±	¯D¥oe¯²¥o¤¢­Wª/¶N°%¢o·1²¢o¶N¾Î¨%¤¥o©¤¥¦«%±M¯+¾~°/¶N«B¤»4¤«	¥¹j¦¥ª%¦«O¥ª/m¢F¯N¨Ù¯D¬S©¤°%¥Þßä ·{Ö%À¨O¥o¶W¥ª/
«	°%¾U£¤¢¶D²S¤»4¤«3¥o·{¦«¥ª/\·F¤¬ ©¤¥o¨·F¯D¾WÁ%¬ PÅ
ºª/Ö/¥m²°%«/©¤¥ ¶N«: ¨%¤«3¥×Ö;·U¯.¨%©¯½Ì©¶N«/·¥F¯D«	¥e¶D²ﬃ ± ûPûW¾W¦«Ì¹jª% ©Fªﬀ ·m©¶N«/·o ·¥o¤«	¥U¹j¦¥ªÌ¥ª/
ª	½9ÁR¶N¥ª/·o·1¶D²ﬃ"!G#p"&'(Á%¢o¶9¨°/©¨ 11C
¨%©¯½4ÅÂ·Á%¦¥o\¥ª/mª%¦±Pª·¥F¯D¥ ·¥ ©¯D¬ﬂ¤¢¢o¶N¢§;¥ª/­jÈÖ/¢o·¥Q¤»4¤«	¥q
¯D«;¯D¬¦½· ·Á%¢o¶»9 ¨%·Q¯UÖ/¢o·¥{©¶N«Ö/¢¾5¯D¥ ¶N«-¶N«¥ª/ÂÁ¶P·F·¦£%¦¬¦¦¥)½=¥o¶W¨%¤¥o©¤¥1¯D«/¨M¥F¯D±+¥ª/ 11C
©¶N«	¥F¯D¾W¦«;¯É
¥ ¶N«#Å
}
ÅÇÆlÅ¹Û ~C
ﬃ<GŁ,Í§ÐlÍ@Ì¤ìÉ^ËuÉOôïÜÎÜRÊOÎËrÏŁÐ ÏŁíólÝBÏ1ïÒlÊÜRï 11C
ÝÍªÎÜ
q)¡Q¬¦¬#¤»4¤«	¥qU¯D«;¯D¬¦½· ·j ·{¯WØ3°;¯D«	¥¦¥F¯D¥¦»4e¯D«;¯D¬¦½9· ·1¨%¤»4¶N¥o¨¥o¶¾+¯N·°%¢o\¥ª/ 11C
¯N©¤¥¦»3¦¥å½4Å
ºª/Â¥¦¾+ÂÁ%¢o¶DÖ/¬ m¶D²u¯D¬¦¬#¤»4¤«	¥o·{² ¶N¬¦¬ ¶¹j¦«%±5¯N©oª¨%¤¥o©¤¥o¨
γ2.2MeV
¦«O¯e¥¦¾+Â±	¯D¥o\¶D²=e¾W¦«. ·
Ö/¥¥o¨.£3½ª?
F (t) =
N
τ
e−
t
τ + B.
Ô¤
9Å¦ûPûÕ
¹jª% ©Fª(¦«/©¤¬¦°/¨%·X¥ª/¨%©¯½W¢F¯D¥o¶D² 11C
¯D«/¨(¯~©¶N«/·¥F¯D«	¥£;¯N©Fµ3±P¢o¶N°%«/¨

Å9ºª/Q¯DÁ%Á%¬¦ ¨=¢F¯N¨Ù¯D¬©¤°%¥
û^
ÑÒª;¯DÁ%¥o¤¢
O?(Æ)«·o¦¥° 11 Ñ"Á%¢o¶3¨°/©¤¥ ¶N«-£	½M©¶P·¾W © µ
¦«-ÑXºjÓ
 ·Q¦«O¥ª/U¢F¯D«%±4Åd
WÉÅ þS¾¹jª% ©FªB©¶N¢¢o·oÁ¶N«/¨%·Q¥o¶=¯5·o¤«/·¦¥¦»4U¾5¯N·o·Q¢F¯D«%±4U¶D²F¦ûPÅ+ÉûPÅ ýS¥o¶N«/·
Ô£R¤¬ ¶¹Åd
e¾ë¥ª/~·¥F¯D¥ ·¥ ©·j ·j¥o¶9¶¬ ¶¹QÕ³Å
¡·j³À9ÁR©¤¥o¨2§9×²
τ
 ·{¯~²¢oÁ;¯D¢F¯D¾+¤¥o¤¢§/¥ª/QÖ/¥j¢o¤¥°%¢«/·{¯e»P¯D¬¦°/WÔPþÅ  ± ûÅ e¾W¦«*ÕX©¶N¾WÁ;¯D¥¦£%¬ 
¹j¦¥ª¥ª/ 11C
¨%©¯½.©¶N«/·¥F¯D«	¥Q£%°%¥j¹j¦¥ª-¯»4¤¢½=¬Ù¯D¢±4m¤¢¢o¶N¢UÔ ∼ Pþ4ßWÕ³Å
Ó×À¦«%±
τ
¥o¶(¥ª/U¬¦¦¥o¤¢F¯D¥°%¢oU»P¯D¬¦°/MÔPýÅ (¾W¦«*Õ³§¥ª/~Ö/¥Q ¨%¤«3¥×Ö;·ß _B ± û(¤»4¤«	¥o·WÔ Ó¦±P°%¢o

9Å 3ÕL¦«M¾
R
 ûPÅU¥o¶N«M¶D²S·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢~Ô¢F¯N¨Ù¯D¬#©¤°%¥j¼ YÅd
~¾(ÕL¦«Mº¡Yûe¨/¯½·{¯D«/¨=¦«=¥ª/Â¤«/¤¢±P½
¹j¦«/¨%¶¹ß¦ûPÅ¦ûÂÉ1ûPÅÍÈüÅ
Æå«¶N¢o¨%¤¢{¥o¶+¶N£%¥F¯D¦«¥ª/ 11C
¢F¯D¥oP§%¹Ò\ª;¯»4\¥o¶W¦«/©¤¬¦°/¨%~¯D¬¦¬ﬂ¥ª/m¨%¤¥o©¤¥ ¶N«O³Ú5©¤ ¤«/©¤ ·?
• Â¶N¾+¤¥¢ ©¯D¬³Ú5©¤ ¤«/©¤½MÔ εr Õp?1ßg¾~°/·¥u£R«/¶N¢¾5¯D¬¦¦­¨W¥o¶Â¥ª/j¤«	¥¦¢oÂÑXºjÓ»4¶N¬¦°%¾+j¥F¯Dµ3¦«%±\¦«3¥o¶
¯N©©¶N°%«3¥1ÁR¶P·o·¦£%¬ Â«/¶N«°%«%×²â¶N¢¾W¦¥)½¶D²¥ª/ 11C
·Á;¯D¥Ù¯D¬#¨ ·o¥¢¦£%°%¥ ¶N«#Å
• Ä¶N¢¾5¯D¬¦¦­¯D¥ ¶N«-¶»4¤¢1¥ª/\¤«	¥¦¢o 11C ¤«/¤¢±P½.·ÁR©¤¥¢°%¾$? εen _Å þÅ
• Ä¤°%¥¢o¶N«/·{¨%¤¥o©¤¥ ¶N«ﬀÔ εn Õp?S«/¤°%¥¢o¶N«/·{©¯D«.·o©¯DÁR¥ª/Q»4·F·o¤¬R¹j¦¥ª/¶N°%¥{¶NÁ¤«%¦«%±¥ª/Â¥¦¾+±	¯D¥oPÅ
• γ2.2MeV ¨%¤¥o©¤¥ ¶N«æÔ εγ Õp? γ2.2MeV ² ¢o¶N¾ë«/¤°%¥¢o¶N«O©¯DÁ%¥°%¢o\©¯D«.Á;¯D¢¥Ù¯D¬¦¬¦½.¨%¤Á¶P·¦¥j¤«/¤¢±P½M¶N°%¥É
·o ¨%\¥ª/Â»4·o·o¤¬ÈÅ
• Æå«	»9 ·¦£%¬  11 Ñ"Á%¢o¶9¨°/©¤¥ ¶N«-©Fª;¯D«%«/¤¬ ·? εinv .Å ýOÔ ·o~Ã9©¤¥ ¶N«VÅ4Õ³Å
Í-°/¶N«¯D«/¨
γ0.511MeV
Ô² ¢o¶N¾yÁR¶P·¦¥¢o¶N«W¯D«%«%¦ª%¦¬Ù¯D¥ ¶N«*Õ¨%¤¥o©¤¥ ¶N«³Ú5©¤ ¤«/©¤ ·?¯D¢oX¯N·o·°%¾+¨U¥o¶1£RLØ3°;¯D¬
¥o¶.ûPÅuºª/\¢F¯N¨Ù¯D¬#©¤°%¥§%¦«/¨%¨2§;¨¢F¯N·¥ ©¯D¬¦¬¦½(¢o¨°/©·1¥ª/ÂÁ¶P·F·¦£%¦¬¦¦¥)½=¥ª;¯D¥
γ0.511MeV
©¯D«O·o©¯DÁR¥ª/
»4·o·o¤¬#·o¦«/©\¦¥{©¶»4¤¢o·¯¾+¯D«.² ¢oÂÁ;¯D¥ªO¶D²²â¤¹è©¤«	¥¦¾+¤¥o¤¢o·Å
ºª/\¥o¶N¥F¯D¬ﬂ¢F¯D¥o\ ·j¥ª/¤«O¨%³Ö/«/¨.£3½ª?
r =
N
T × εen × εn × εr × εγ × εinv
Ô¤
9Å¦û4Õ
=
0.18 ± 0.05
εn × εr × εγ
º¶U·¥¦¾5¯D¥o
εn
§
εγ
¯D«/¨
εr
§4¹ÒQ°/·o¨=¯mÍ¶N«	¥o\Ñ¯D¢¬ ¶U·¦¾U°%¬Ù¯D¥ ¶N«=¨%·F©¤¢¦£¨(¦«5¥ª/1«/³À9¥X·o©¤¥ ¶N«
ç ßh{nQv*dÎ^jiRohäx;lFs }Uojv*loh{n
ºª/X·¦¾~°%¬Ù¯D¥ ¶N«¨%·o©¤¢¦£R¨~¦«WÃ9©¤¥ ¶N«µÅj² ¶N¢·¥°/¨½9¦«%±Q¥ª/Ò¿X¶N¢o³À¦«/¶QÁ¶N¥o¤«3¥Ù¯D¬¶D²%¢oZ©¤¥¦«%±Q¥ª/ 11 Ñ
©¶N«	¥F¯D¾W¦«;¯D¥ ¶N«W¹¯N·#²â¶9©¤°/·o¨~¶N«U¥ª/?Á%ª	½· ©·¶D²/¥ª/
µ
ÉÈ¦«/¨°/©¨ 11 ÑB¹j¦¥ª/¶N°%¥¥F¯Dµ3¦«%±Q¦«	¥o¶Â¯N©©¶N°%«	¥¥ª/
³Ê2©¤¥o·{¶D²u¥ª/m¨%¤¥o©¤¥o¶N¢{±4¶N¾+¤¥¢½4ÅXÆ)«¶N¢o¨%¤¢{¥o¶5·¥°/¨½(¥ª/~³ÊR©¤¥o·Q¶D²¥ª/m·o¾5¯D¬¦¬ﬂ·o©¤¦«	¥¦¬¦¬Ù¯D¥o¶N¢Q»4¶N¬¦°%¾+
¯D«/¨6¶D²~¥ª/O¹¯D¥o¤¢.£%°ÊR¤¢M¶D²eÑXºjÓ§j¯ﬀ¨%¨ ©¯D¥o¨¯D«/¨6¾+¶N¢o-³Àª;¯D°/·¥¦»4B·¦¾U°%¬Ù¯D¥ ¶N«6 ·=¢oØ3°%¦¢o¨2Å
Í¶N¢o¶»4¤¢§R¹Òe¦«/©¤¬¦°/¨%¨¥ª/U¥¢F¯N©oµ9¦«%±M¶D²Ò¥ª/~«/¤°%¥¢o¶N«Ì©¯DÁ%¥°%¢o
γ2.2MeV
¹jª% ©FªÌ·ª%×²¥o·Q¥ª/e«/¤°%¥¢o¶N«
¨%¤¥o©¤¥ ¶N«OÁR¶N¦«	¥§/«/¶N¥1·¥°/¨ ¨.¦«.¥ª/m¿¶N¢o³À¦«/¶+·¦¾U°%¬Ù¯D¥ ¶N«#Å
û
ÑÒª;¯DÁ%¥o¤¢
O?(Æ)«·¦¥° 11 ÑøÁ%¢o¶3¨°/©¤¥ ¶N«£3½.©¶P·¾W © µ
¦«-ÑXºjÓ
Ó¦±P°%¢oA
9Å H? Ó¦¥1¶D²¥ª/	jÇ¯D¬¦¬¤»4¤«	¥o·qm·F¯D¾WÁ%¬ PÅ
ºª/QÍ-¶N«3¥oÑ¯D¢¬ ¶~·o¥¢F¯D¥o¤±P½+©¶N«/· ·¥o·?¦«(·¦¾~°%¬Ù¯D¥¦«%±e¥ª/1¨%¤¥o©¤¥o¶N¢Ò±4¶N¾+¤¥¢½5¯D«/¨+¾5¯D¥o¤¢Ù¯D¬ ·§¯D«/¨
¯\¨%¶¹j«	¹X¯D¢o¨9ÉÈ¢F¯½=¶D²2«/¤±	¯D¥¦»4Q¾~°/¶N«/·Ò¹j¦¥ª=¯Ö%À%¨5¤«/¤¢±P½+¶D²Ł\ÈüàÔ¥ª/Q¯»4¤¢F¯D±4¨5¾U°/¶N«(¤«/¤¢±P½
¯D¥\¥ª/+¨%¤Á%¥ªﬀ¶D²¥ª/¢F¯D«Ã¯N·F·o¶.ùﬂ¯D£*ÕÂ°%«%×²â¶N¢¾W¬¦½B¨ ·¥¢¦£%°%¥o¨ﬀ¶»4¤¢U¯D¬¦¬?¥ª/¹X¯D¥o¤¢U¥F¯D«%µ¶D²1ÑXºjÓÅ
 :\°/·o¨.ÓSù#ÞË\¡gÔ»4¤¢o· ¶N«VÅ¦û¤£ﬀ¦û`Õ¯D¬¦¢o¯N¨½M¨%·F©¤¢¦£¨.¦«-Ã9©¤¥ ¶N«<ÅÅ
ºª/(«/¤°%¥¢o¶N«/·eÁ%¢o¶3¨°/©¨¦«·o©¤¦«3¥¦¬¦¬Ù¯D¥o¶N¢+¯D«/¨:¦«ﬀ¹¯D¥o¤¢+¯D¢o+¥¢F¯N©oµ4¨æ°%«3¥¦¬Ò¥ª/¤½ﬀ¯D¢o(©¯DÁ%¥°%¢o¨2Å
¸L¯N©Fª(©¯DÁ%¥°%¢o{ÁR¶P·¦¥ ¶N«+ ·?¥ª/¤«5¦«/·o¤¢¥o¨W¦«5¥ª/{¶DÚ5©¤Ù¯D¬;¥¢F¯N©Fµ3¦«%±¯D«/¨W¢o©¶N«/·¥¢°/©¤¥ ¶N«M©¶3¨%·?¶D²ﬂÑXºjÓ
¯N·{¥ª/
γ2.2MeV
·¥F¯D¢¥¦«%±5ÁR¶P·¦¥ ¶N«#ÅÒºª/\¥¢F¯N©oµ9¦«%±=©¶9¨%\¢oØ3°%¦¢o·{¥ª;¯D¥{¥ª/~·¥F¯D¢¥¦«%±5ÁR¶P·¦¥ ¶N«O¶D²S¥ª/
γ2.2MeV
¾U°/·¥L£R1¯Dª/¯N¨5¥ª/{Á%ª/¶N¥o¶N¾~°%¬¦¥¦Á%¬¦ ¤¢¹jª% ©Fª=©¶N¢¢o·ÁR¶N«/¨+¥o¶U¯\·Á%ª/¤¢o1¶D²ŁÅd
\¾Ý¢F¯N¨¦°/·?² ¢o¶N¾
¥ª/m©¤«3¥o¤¢1¶D²¥ª/~¨%¤¥o©¤¥o¶N¢Å
 :m¯N·o·o°%¾+Â¥ª;¯D¥j¥ª/ 11C
¤»4¤«	¥{ ·¬ ¶9©¯D¥o¨.³À%¯N©¤¥¬¦½=¦«.¥ª/Â«/¤°%¥¢o¶N«Á%¢o¶9¨°/©¤¥ ¶N«.Á¶N¦«3¥Å?Æå«/¨%¨
¥ª/WÁR¶P·¦¥¢o¶N«¯D«%«%¦ª%¦¬Ù¯D¥ ¶N«
γ0.511MeV
©¶»4¤¢o·U¶N«%¬¦½:¯MÁ;¯D¥ªæ¶D²j¯=²â¤¹à©¤«3¥¦¾+¤¥o¤¢o·¯D«/¨2§S¯N·~¯D¬¦¢o¯N¨½
¨%¤¾+¶N«/·¥¢F¯D¥o¨£3½"Ëm¯D¾+ù#¡Äe§Xú/°% ¨¨½9«;¯D¾W ©·.³Ê2©¤¥.¦«6¥ª/B¥¦¾+B·o©¯D¬ Ì¶D²U¥ª/:¯D«;¯D¬¦½9· ·:Ô²â¤¹
ª/¶N°%¢o· Õm©¯D«:£+«/¤±P¬ ©¤¥o¨2Å=ºª/ 11C
¤»4¤«	¥UÁ¶P·o¦¥ ¶N«: ·m¥ª/¤««/¶N¥m¥¢F¯N©oµ4¨«/¤¦¥ª/¤¢~¢o©¶N«/·¥¢°/©¤¥o¨2Å
ºª/m©¶N«/·oØ3°/¤«	¥Q¤¢¢o¶N¢{ª;¯N·{£R¤«¤»N¯D¬¦°;¯D¥o¨-¯D«/¨.¦«/©¤¬¦°/¨%¨¦«.¥ª/m·o½9·¥o¤¾5¯D¥ ©·Å
ºª/e¶N°%¥Á%°%¥Q¶D²?¥ª/UÓùﬂÞQË\¡÷·¦¾U°%¬Ù¯D¥ ¶N«Bª;¯N·1£R¤«¯N¨/¯DÁ%¥o¨-¥o¶+£R\¢o¯N¨-£	½.¥ª/eÑXºjÓ^¥¢F¯N©oµ9¦«%±
©¶9¨%² ¶N¢1·o¦¾~°%¬Ù¯D¥¦«%±
γ2.2MeV
·Å
ºª/5¥¢F¯N©oµ9¦«%±-©¶9¨%5·¦¾U°%¬Ù¯D¥o·~¥ª/+©¶N«3»4¤¢o· ¶N«¶D²j¯N©Fªæ¤«/¤¢±P½Ì¨%¤ÁR¶P·¦¥~¦«3¥o¶O¶NÁ%¥ ©¯D¬ÒÁ%ª/¶N¥o¶N«/·Å
ºª/j¶NÁ%¥ ©¯D¬%Á%ª/¶N¥o¶N«/·L¯D¢oÁ%¢o¶NÁ;¯D±	¯D¥o¨W¦«/·o ¨%¥ª/j¨%¤¥o©¤¥o¶N¢L¯D«/¨¥¢F¯N©oµ4¨W°%ÁW°%«3¥¦¬%¥ª/¤½¯D¢oj¯D£/·o¶N¢£R¨
¦«.¥ª/m¨%¤¥o©¤¥o¶N¢{¾5¯D¥o¤¢Ù¯D¬¶N¢1¨%¤¥o©¤¥o¨¶N«.¥ª/mÐ?Íº> ·Åuºª/\¥¢F¯N©Fµ3¦«%±(©¶3¨%Â¥F¯Dµ4·1¦«	¥o¶5¯N©©¶N°%«3¥{¥ª/
û
ÑÒª;¯DÁ%¥o¤¢
O?(Æ)«·o¦¥° 11 Ñ"Á%¢o¶3¨°/©¤¥ ¶N«-£	½M©¶P·¾W © µ
¦«-ÑXºjÓ
O±&¤±¿A(OtÂ&' éIt ÈêpmH(Àoêp#
Ô
Ñ¯D¥ª/¶3¨%m¢F¯N¨¦°/· ÅPý¾
ÑÒ°%¢»N¯D¥°%¢om¢F¯N¨¦°/· Å¦ûPû\¾
º¦¾+¦¥¥o¤¢ û\«/·
Q°;¯D«	¥°%¾ã³Ú5©¤ ¤«/©¤½ 4ß
Ðu¢F¯N©¤¥ ©¯D¬©¶9³Ú5©¤ ¤«	¥ Å
³1 ¾^&
á
(°	ê%#
Ô
¼Q¯N¨¦°/·{¶D²u¤«	¥¢½¯DÁR¤¢¥°%¢o Å¦û
e¾
¼Q¯N¨¦°/·{¶D²u³À¦¥1¯DÁ¤¢¥°%¢o ÅPý¾
ù#¤«%±P¥ª Å¾
¼1³ú;©¤¥ ¶N«O©¶9³Ú5©¤ ¤«	¥ ý4ß
¸SÊ2©¤¥¦»4m©¶»4¤¢F¯D±4 Å4ß
³1,e(O'°


²e"!R&'"t¹t ¯&¤±`m
Ô
Ó/¶N¢¾~°%¬Ù¯ ÐÒÑﬃÐ?ÐÒáÎÔûPÅ±¬Õ
¼1³² ¢F¯N©¤¥¦»4Â¦«/¨%³À ûPÅ
Ðuª/¶N¥o¶N«½9 ¤¬ ¨ ûPÅPþeÀÌû 4
º¯D£%¬ A
9Å? Ð¯D¢F¯D¾+¤¥o¤¢o·Q¦«¥ª/mÍ¶N«	¥oeÑ¯D¢¬ ¶W¥¢F¯N©oµ9¦«%±
²â¶N¬¦¬ ¶¹j¦«%±5Á%¢o¶9©·o·o·j·o¥°/¨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E=0.109 MeV (65%)
τ1/2=24 d
E=2.29 MeV (98%)
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E=4.78 MeV (94%)
τ1/2=1622 10
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E=5.49 MeV
τ1/2=3.825 d
E=6.02 MeV
τ1/2=3.11 m
E=0.72 MeV
τ1/2=26.8 m
E=1.51 MeV (40%)
τ1/2=19.8 m
E=7.69 MeV
τ1/2=163 µs
E=0.015 MeV (81%)
τ1/2=22.3 y
E=1.17 MeV
τ1/2=5.01 d
E=5.3 MeV
τ1/2=138.4 d
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β E=0.053 MeV
τ1/2=5.76 y
β E=1.11 MeV (53%)
τ1/2=6.13 h
α
E=5.423 MeV (73%)
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α
E=5.685 MeV (95%)
τ1/2= 3.66 d
α
E=6,288 MeV
τ1/2=55.6 s
α
E=6.778 MeV
τ1/2=150 ms
β E=0.33 MeV (88%)
τ1/2=10.64 h
βE=2.25 MeV (64%)
τ1/2=60.6 m
α
E=8.79 MeV
τ1/2=298 ns
α E=6.04 MeV (36%)
β E=1.8 MeV
τ1/2=3.03 m
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